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Abstract

Signal suppression by sample matrix in direct electrospray ionization -mass spectrometric (ESI-
MS) analysis hampers its clinical and biomedical applications. We report herein the development
of a microfluidic voltage-assisted liquid desorption electrospray ionization (VAL-DESI) source to
overcome this limitation. Liquid DESI is achieved for the first time in a microfluidic format.
Direct analysis of urine, serum, and cell lysate samples by using the proposed microfluidic VAL-
DESI-MS/MS method to detect chemical compounds of biomedical interest, including
nucleosides, monoamines, amino acids, and peptides is demonstrated. Analyzing a set of urine
samples spiked with dihydroxyphenylalanine (DOPA) showed that the assay had a linear
calibration curve with r2 value of 0.997 and a limit of detection of 0.055 uM DOPA. The method
was applied to simultaneous quantification of nucleosides, i.e. cytidine, adenosine, uridine,
thymidine, and guanosine in cell lysates using 8-bromoadenosine as internal standard. Adenosine
was found most abundant at 26.5 + 0.57nmole/10 cells while thymidine was least at 3.1

+ 0.31nmole/10° cells. Interestingly, the ratio of adenosine to deoxyadenosine varied significantly
from human red blood cells (1.07 + 0.06) to cancerous cells, including lymphoblast TK6 (0.52

+ 0.02), skin melanoma C32 (0.82 £ 0.04), and promyelocytic leukemia NB4 cells (0.38 + 0.06).
These results suggest that the VAL-DESI-MS/MS technique has a good potential in direct analysis
of biofluids. Further, due to the simplicity in its design and operation, the proposed microfluidic
liquid DESI source can be fabricated as a disposable device for point-of-care measurements.
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Mass spectrometry with electrospray ionization (ESI-MS) is one of the most powerful
analytical techniques for bioanalysis due to its applicability to a broad range of molecular
classes and sizes with sensitivity and specificity. However, signal suppression by sample
matrix prohibits direct ESI-MS analysis of many types of biological samples such as
physiological fluids. Extraction of the analytes and/or a chromatographic separation is
normally deployed prior to ESI-MS analysis for elimination of sample matrix effects.
Several ambient electrospray ionization schemes specially devised for direct ESI-MS
analysis were reported over the past years. These included desorption ESI (DESI),14
extractive ESI,58 laser ablation ESI,? slug-flow micro-extraction nanoESI,1% and membrane
ESI.11:12 Since introduced, DESI received a lot of interest and has become a popular
ionization technique in mass spectrometry. DESI allows analysis of both solid and liquid
samples with little or no sample preparation. In DESI charged electrospray solvent droplets
are directed onto the surface of the sample to be analyzed. The impact of the charged
droplets produces gaseous ions of analytes from the sample surface. In the cases of
analyzing liquid samples, DESI is also called liquid DESI (L-DESI). In recent years various
experimental procedures were reported to achieve L-DESI. These included evaporating
liquid sample by a gas jet prior to DESI,13 absorbing liquid sample onto a piece of filter
paper,14 aerosolizing liquid sample using nebulizing gas,1® and forming a thin film of liquid
sample flowing out from a capillary6 or an HPLC column.1’

Microfluidic devices offer unique advantages of lab-on-a-chip such as minimum reagent
consumption and multiple function integration.18-20 Coupled with a selective and sensitive
mass spectrometric detection these devices have great potentials in bioanalytical
applications. In majority of microfluidic mass spectrometric works, ESI was often employed
as the ionization source by the virtue of the simplicity of the interface. Microfluidic ESI-MS
has been receiving a lot of research interest and becomes very useful in clinical and
biomedical studies.21-28
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The aim of this study was to develop a microfluidic chip-based L-DESI source for direct
ESI-MS analysis of biological fluids. Since microfluidic chips can be fabricated with
precision, a microfluidic L-DESI source is expected to be easily reproduced. In this study, a
novel concept of voltage-assisted liquid DESI (VAL-DESI) was introduced. Experimental
conditions were studied to obtain optimal analytical figures of merit. The proposed
microfluidic VAL-DESI-MS method was evaluated for direct analysis of serum, urine, and
cell lysate samples to detect chemical compounds of biomedical interest, e.g. peptides and
biogenic amines. To demonstrate its applicability in quantitative analysis the method was
used to quantify simultaneously intracellular nucleosides, including cytidine, adenosine,
uridine, thymidine, and guanosine. 8-Bromoadenosine that was readily available and
characteristic in MS spectrum was evaluated as the internal standard for the quantification.
Analysis of several cell lines, including lymphoblast TK6 cells, skin melanoma C32 cells,
promyelocytic leukemia NB4 cells, and red blood cells was performed. Nucleoside contents
and the content ratio of adenosine over deoxyadenosine were determined.

EXPERIMENTAL SECTION

Cell Culture

Lymphoblast TK®6 cells, skin melanoma C32 cells, and promyelocytic leukemia NB4 cells
were cultured in complete RPMI-1640 media supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin streptomycin in 5% CO, and 100% humidity atmosphere at 37°C.
The cells were routinely sub-cultured every 4-5 days. The medium was replaced every 2
days throughout the lifetime for all cultures. Human red blood cells were isolated from one
drop of whole blood collected from a healthy subject.

Microchip Fabrication and Channel Pretreatment

The microchip was composed of two glass slides (24 x40 x1 mm). A laser engraving
machine was used for making channels onto the glass substrate. The glass slides were
treated in an air plasma cleaner (PDC-32G, Harrick Plasma, Ithaca, NY) for 5 min (10.5 W
and 500mTorr) before being bond together.

To avoid physical adsorption, channels in the microchip were treated with a mixture solution
of HyO/HCI/H,05 (5:1:1) for 5min. They were then washed with deionized water and dried
with Ny gas. Prior to use, channels were flushed sequentially with 0.5% hydrogen peroxide,
0.1M NaOH, and then electrospray solvent for 1min each.

MS Measurements

The system consisted of an ion trap mass spectrometer (LCQ Deca, ThermoFinnigan, San
Jose, CA), a multi-channel power supply, and a syringe pump. Xcalibur software
(ThermoFinnigan) was used to acquire and to process MS data. The MS detection conditions
were optimized in positive mode as follows: capillary temperature, 250°C; ion source
voltage, OV; relative collision energy, 20-30%; isolation width, 1.0 u; and activation time,
30ms.
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Quantification of Intracellular Nucleosides

Cells were collected by centrifugation (1000 rpm for 10 min) from 2.00 mL cell suspension
(1x108 cells/mL). They were washed twice with phosphate buffer solution (PBS, 10mM
phosphate at pH 7.4), and then lysed with 0.40mL methanol/water (1:1 v/v). The lysate was
extracted with 0.40mL chloroform. The mixture was let stand at —20°C for 1 hour. Aliquots
of the supernatant (25 pL each) was transferred to the sample reservoir in the VAL-DESI
platform for analysis.

RESULTS AND DISCUSSION

Liquid Desorption Electrospray lonization (L-DESI) in a Microfluidic Format

Direct analysis by L-DESI-MS was previously reported.13-17 In these studies, L-DESI was
achieved by using either a supporting solid surface for the liquid sample or a dual-capillary
system. We made effort in this work to perform L-DESI-MS in a miniaturized and robust
microfluidic platform. Based on the L-DESI working principle, a microchip was designed
and fabricated. It is illustrated by Fig 1a. The microchip has an L-DESI cavity, integrating
the electrospray emitter and two independent sample delivery channels. Electrospray
droplets are generated from the ESI emitter at the center and may interact equally with the
sample solution flowing out from either of the two sample reservoirs. In this chip design, the
dimension of the L-DESI cavity determines the distance between the exit of electrospray
solvent and that of a sample solution. We evaluated two chip designs witha 1 x 1.5 or 2 x
1.5mm cavity. Comparable results were obtained after minor modifications of experimental
conditions such as sampling voltage and flow rate of electrospray solvent. It’s worth
mentioning that by the virtue of microfabrication a microfluidic L-DESI source can be easily
reproduced with good precision, which is a significant advantage over the experimental set-
ups previously reported to achieve L-DESI. The chip was made of two pieces of glass
measuring 24 x 40 mm. To minimize the surface area of the ESI emitter, thin glass plates (1
mm in thickness) were used. Microfluidic channels made by using a laser engraving
machine were about 20 pm deep and 80 um wide. Width of the electrospray solvent delivery
channel was reduced to 50 pm at the ESI emitter to obtain more stable electrospray.28-29 A
picture of the microfluidic chip is shown in Fig 1b. A syringe pump was used to deliver the
solvent. An electrode was embedded in the solvent channel to deliver an electrospray voltage
of +4kV. Samples were placed in the sample reservoirs and flowed towards the outlet at the
L-DESI cavity through the respective sample delivery channels by gravity.

Unfortunately, our efforts to perform L-DESI-MS analysis with this experimental set-up
failed. No MS signal was observed from the sample solution although electrospray was
stable and ionization was effective (i.e. a stable electrospray current and a constant MS
background signal were obtained). Tests with an increased sample flow rate by raising liquid
level in the sample reservoir were also found unsuccessful. This was likely because
desorption of analytes caused by the impact of charged electrospray solvent droplets was not
efficient enough to be detected. Theoretically, L-DESI can be well achieved on this
microfluidic platform if the sample delivery channel is converted into a pneumatic nebulizer
to produce sample aerosols. Nevertheless, this approach was not adopted because several
disadvantages were foreseen, including: 1) a more complicated and difficult-to-make
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microfluidic chip would be needed, and 2) blockage of the delicate pneumatic nebulizer by
“dirty” samples would be frequent.

Microfluidic Voltage-assisted Liquid Desorption Electrospray lonization

Interestingly, it was found that effective L-DESI could be achieved with the proposed
microfluidic set-up when a low voltage (e.g. +75V) was applied at the sample reservoir. The
concept of voltage-assisted liquid desorption electrospray ionization (VAL-DESI) was,
therefore, introduced. The working principle is illustrated by Fig. 1c. By applying a low
voltage at the sample reservoir an electrical circuit is formed between the ESI emitter and
the exit of sample solution. In this case, the charged electrospray solvent droplets are driven
towards the sample solution flowing out the sample delivery channel by a potential
difference of 3975V. The reinforced interaction enhances desorption of analytes from the
sample solution and allows subsequent MS detection.

To demonstrate the microfluidic VAL-DESI technique, urine (diluted with PBS at 1+1) and
bovine serum (diluted with PBS at 1+9) spiked with caffeine at low concentrations were
analyzed. The results indicate that from both types of biofluid sample matrices caffeine
desorbed and was ionized effectively, producing detectable MS signals with good sensitivity
and repeatability. Fig 2a shows a typical MS spectrum from analysis of a bovine serum
sample containing 6.0x1079 M caffeine. Many ions, including [caffeine + H]* m/z 195, were
detected. The MS/MS spectrum (Fig 2b) of ion /7/2 195 confirms caffeine identity. lon
transition /2195 —138 was monitored for MS/MS quantification of caffeine present in
samples. For comparison, an MS spectrum obtained from a PBS solution spiked with
caffeine at the same concentration was obtained (Fig S1). The abundance of ion m/z 195 is
about 15% higher than that from the serum sample solution. Effects of sampling voltage on
peak height were investigated in a range from 0 to 250V. As shown in Fig 2c, the optimal
voltage range was from 50 to 100V. These results indicate that a low voltage applied at the
sample reservoir is needed to achieve an effective liquid desorption electrospray ionization
in this case. It should be pointed out that the optimal value of the sampling voltage may
change if the geometry and dimension of the L-DESI cavity are changed. Long term stability
of the proposed VVAL-DESI source was investigated by monitoring ion transition /m/z 195
—138 continuously over a 10min run. Signal intensity showed a horizontal trend with a
fluctuation range of < +8.1% of the average. In these experiments, diluted urine and serum
samples were analyzed. Dilution of urine samples may not be needed for the assay.
However, dilution of biofluid samples, particularly the ones of high viscosity (e.g. serum)
always helps the sample to flow smoothly from the reservoir to the L-DESI cavity. From
these results, the repeatability of the proposed VAL-DESI source is comparable to that of a
conventional ESI source, and it’s well suited for direct MS analysis of physiological fluid
samples of high salt or protein content.

Direct Analysis by Microfluidic VAL-DESI-MS/MS

To achieve an optimal analytical performance, effects of experimental conditions were
investigated. A standard solution of dihydroxyphenylalanine (DOPA, 0.60uM) prepared in
urine (diluted with PBS at 1+1) was analyzed as the test sample in these experiments.
Content of methanol in electrospray solvent was studied in a range from 20% to 100%. Best
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results were obtained with a solvent containing methanol in a range from 60% to 80% (v/v)
as shown in Fig 3A. Formic acid was also added to the electrospray solvent as an electrolyte.
Its concentration affected significantly the MS signal. Results obtained from electrospray
solvents containing 0, 0.05, 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0% formic acid are shown in Fig 3B.
A concentration range from 0.2 to 1.0% was found useful, and a less acidic spray solvent
with 0.25% formic acid was chosen for further tests. Effects of the flow rate of electrospray
solvent were studied over a range from 0.1 to 2 uL/min. Data is shown in Fig 3C. An
optimal range from 0.2 to 0.5 uL/min was established. After these tests, the selected
conditions for VAL-DESI-MS analysis were as follows: 80% methanol with 0.25% formic
acid as electrospray solvent at a flow rate of 250nL/min, electrospray voltage of +4kV, and
sampling voltage of +75V. A set of 5 urine samples containing DOPA at various
concentrations from 0.20 to 10.0 uM was analyzed with monitoring the characteristic ion
transition /m/z181—152. Triplicate analyses were performed for each sample. Abundance of
ion m/z 152 was used for establishing the calibration curve. Regression analysis of the
abundance-concentration (UM) data yielded a linear calibration equation of Y=482430 X

+ 269720 with r2 value of 0.997 (Fig 3D). Assay repeatability was assessed by analyzing a
urine sample containing 0.50 uM DOPA five times. The relative standard deviation (RSD)
was found to be 6.2% (n=5), which is comparable with that of typical ESI-MS analyses. As
well known, the assay repeatability can be significantly improved by using the isotope
dilution technique. The limit of detection was estimated to be 55 nM DOPA (signal/noise =
3, where noise was the standard deviation in MS signal at the same m/Z for five
measurements from a blank sample).

To investigate the applicability of the present direct MS analysis to other classes of
molecules, angiotensin Il and GSH were spiked into urine samples at 5.0 uM and quantified.
Both peptides could be detected and firmly identified by their MS/MS spectra. Fig S2 shows
the MS spectra obtained from the analyses. In the case of angiotensin II, both [M+2H]2*
(m/z502) and [M+H]* (m/z 1002) were seen in the spectrum. Usefulness of the proposed
ionization source for negative ion detection was also investigated. Adenosine
monophosphate (AMP) was spiked into a PBS (pH 7.4) solution at 5.0 x 1075M, and the
solution was analyzed by negative ion detection mode. As shown in Fig S3, AMP was
detected as ion [AMP-H]~ of /m/z 346, and the MS?2 spectrum firmly verified the identity of
AMP. The above results indicate that the proposed microfluidic VAL-DESI source is useful
for analyzing a wide spectrum of molecule classes in both positive and negative ion
detection modes. Showing a remarkable tolerance to matrix effects and good analytical
figures of merit, the VAL-DESI-MS/MS method holds an enormous potential in direct
analysis of biofluids with minimum sample preparation.

Simultaneous Analysis of two Samples with the VAL-DESI Source

In this proof —of-concept ionization source, two independent sample delivery channels/
reservoirs are included although the number of samples can be increased to multiples. A set
of experiments were performed to evaluate the potential of this source in simultaneous
analysis of multiple samples. In these experiments, two samples are respectively placed in
the two sample reservoirs in the chip and alternatively analyzed for as many times as choose
to in an automated manner. Urine samples (1+1 diluted with PBS) containing tryptophan
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(Trp, at 2.0x1076 M) or serotonin (5-HT, at 5.0x10~7 M) were used as model samples. A
sampling voltage of +75V was applied to only one of the two sample reservoirs, and
automatically switched between them every 60s during a 15min alternating analysis. An
electrospray voltage of 4kV was maintained through the whole run. The MS detector was set
in MRM mode, monitoring continuously ion transitions m/z 205—188 (for Trp) and
177—160 (for 5-HT). Fig 4 shows the typical results obtained. From the two extracted mass
abundance traces Trp and 5-HT were alternatively detected with good repeatability.
Importantly, no memory effects were observable between switches of samples even though
the analytical signals from the two samples differed more than 10 times in intensity.
Although only two samples were analyzed in this proof-of-concept work, simultaneous
analysis of multiple samples can be achieved by increasing the number of sample delivery
channels/reservoirs in the microfluidic chip. The present method has, thus, a potential in
high through-put ESI-MS analysis with good repeatability and accuracy, particularly when
isotope dilution is used. Methods deploying microfluidic chips with dual or multiple emitters
for high through-put ESI-MS analysis or for improved accuracy in MS calibration were
reported previously.39-35 Compared with those microchips, a significant advantage of the
present chip lies in that only a single ESI emitter is needed to achieve multiple sample
analysis. Due to the simplicity in its design, the microchip is possible to make with cheap
materials such as paper and glass, which is highly desirable for preparing disposable point-
of-care microfluidic chips.

Quantification of intracellular nucleosides by VAL-DESI-MS/MS

Nucleosides and their metabolites play important roles in various biochemical processes.
Measurement of their levels in biofluids or tissue specimen has been proposed for diagnosis
of diseases such as cancers and AIDS.36-38 Intracellular levels of nucleosides in red blood
cells are used to evaluate the energy status of erythrocytes, inhibition of DNA synthesis, and
degradation of phosphorylated compounds and nucleic acids.39-40 Therefore, a lot of
research effort has been made to develop analytical methods for quantification of
nucleosides, their analogs, and their metabolites. Most of the current analytical methods
involve HPLC separations, which limits sample throughput. The analytical results of
nucleosides found in literature have a very broad range from pmol/108 cells,3°: 41 hmol/108
cells, *0: 42 to umol/108 cells.#3-44 In this work, direct analysis of cell lysates by the proposed
microfluidic VAL-DESI-MS/MS method was carried out for simultaneous quantification of
cytidine, adenosine, uridine, thymidine, and guanosine in lymphoblast TK6 cells. The cells
were collected from cell cultures, lysed, and the lysates were loaded into the sample
reservoir for direct analysis without any further pretreatment. 8-Bromoadenosine was added
to the cell lysates as internal standard (IS). 8-Bromoadenosine that possesses a chemical
structure similar to the targeted analytes is commercially available and inexpensive. It does
not occur naturally in mammalian cells. In addition, the two isotopes of bromine in its
structure allow for unequivocal identification of the internal standard added in the cell lysate
samples. Figure 5 shows the chemical structures of the compounds involved and their
MS/MS spectra obtained. For each nucleoside tested a characteristic product ion was
obtained. For simultaneous quantification, ion transitions, i.e. m/z 244 — 112 for cytidine,
m/z 268 — 136 for adenosine, m/z245 — 113 for uridine, m/z 243 — 127 for thymidine,
m/z 284 — 152 for guanosine, and /m/z 348 — 216 for 8-bromoadenosine (internal
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standard) were monitored by using MRM detection mode. Five-point calibration curves
were prepared with authentic nucleoside solutions at concentrations ranging from 0.10 to
10.00 pM prepared in the cell lysing solution. As shown in Fig S4, linear calibrations were
obtained for all the five analytes with r2 values of >0.991. Detection limits (signal/noise = 3,
where noise was the standard deviation in MS signal at the same 7/z for five measurements
from a blank sample) ranged from 0.42uM for guanosine to 0.86 uM for thymidine. Analysis
of three TK 6 cell lysates found cytidine at 2.9 + 0.21nmole/108 cells, adenosine at 26.5

+ 0.57nmole/10° cells, uridine at 4.1 + 0.39nmole/10° cells, thymidine at 3.1

+ 0.31nmole/10° cells, and guanosine at 3.5 + 0.21nmole/10° cells. These results are in
consistent with those reported previously,3%-44 suggesting that the proposed assay offers a
convenient and effective means to simultaneously quantify multiple nucleosides in biofluids.
Compared with HPLC-MS/MS analyses, the present assay has the advantage of high sample
throughput, requiring <1 min per sample.

Deoxyadenosine, a derivative of adenosine, is one of the four nucleoside components of
DNA. It’s well known that adenosine deaminase deficiency and the resultant accumulation
of deoxyadenosine are associated with profound T cell dysfunction and variable B cell
dysfunction.#® In this work, deoxyadenosine and adenosine levels in red blood cells and
three cancerous cell lines were determined by using the proposed microfluidic VAL-DESI-
MS/MS method. For the quantification, ion transitions, i.e. m/z252 — 136 for
deoxyadenosine (see Fig S5 for the MS? spectrum) and 7777z 268 — 136 for adenosine were
monitored. Fig 6 shows the typical data obtained from analysis of red blood cells and
promyelocytic leukemia NB4 cells. From the two extracted mass abundance traces,
deoxyadenosine and adenosine were both detected at the nmol/10° cells level in these cell
lines. However, the content ratio of adenosine/deoxyadenosine was found varying: red blood
cells (1.07 £ 0.06, n=3), lymphoblast TK6 (0.52 + 0.02, n=3), skin melanoma C32 (0.82

+ 0.04, n=3), and promyelocytic leukemia NB4 cells (0.38 + 0.06, n=3). It’s worth noting
that the content ratios of adenosine/deoxyadenosine in cancerous cells are significantly
lower than that in red blood cells. To our knowledge this is the first report on the variation in
intracellular adenosine/deoxyadenosine ratio.

CONCLUSIONS

An innovative microfluidic voltage-assisted liquid desorption electrospray ionization (VAL-
DESI) source has been developed for direct mass spectrometric analysis. Results from direct
analysis of urine, serum, and cell lysate samples indicate that the proposed microfluidic
VAL-DESI-MS/MS method is sensitive, reproducible, and easy to carry out. Compared with
the liquid DESI works previously reported, the present microfluidic VAL-DESI source is
easy to set-up and operate, and more robust as well. Further, due to the simplicity in its
design and operation, the source can be easily fabricated as a disposable device from cheap
materials such as glass and paper. It, therefore, holds a good potential in point-of-care
chemical measurements for diagnosis and treatment evaluation purposes.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The proposed microfluidic voltage-assisted liquid desorption electrospray ionization (VAL-

DESI) source: (a) chip design, (b) a picture of the microfluidic chip prepared, and (c) a
schematic illustrating the working principle of the source: the electrospray plume expends
towards the “turned on” left sample channel (versus the “turned off” right sample channel)
due to a potential difference of 3925V between the electrospray emitter and the sample
channel outlet, hitting the sample solution and causing the analytes to desorb.
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Figure 2.

VAL-DESI-MS detection of caffeine in urine and serum samples: (a) a typical MS spectrum

obtained from analysis of a serum sample spiked with caffeine at 6.0x10~° M, showing
detection of [caffeine + H]* /2 195; (b) MS/MS spectrum of ion /2195, confirming
caffeine identity; and (c) effects of sampling voltage on m/z 195 —138 abundance.
Experimental conditions: ESI voltage, +4kV; sampling voltage, +75V for (a) and (b);

electrospray solvent flow rate, 250nL/min; serum sample, bovine serum diluted with PBS

(1+9); and urine sample, urine from a healthy subject diluted with PBS (1+1).
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Figure 3.
Effects of experimental conditions on VAL-DESI-MS analysis of DOPA in urine samples:

(A) methanol content in electrospray solvent; (B) concentration of formic acid in
electrospray solvent; (C) flow rate of electrospray solvent; and (D) calibration curve for
guantification of DOPA in urine. Data are shown as mean £ SD.
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Figure 4.
Automated dual sample analysis by VAL-DESI-MS/MS: (A) TIC mass abundance trace

obtained from the analysis; (B) m/z 205> 188 extracted mass abundance trace for detection
of Trp from the Trp-containing urine sample (2.0 uM Trp); and (C) m/z 177—> 160
extracted mass abundance trace for detection of 5-HT from 5-HT-containing urine sample
(0.50 puM 5-HT). Experimental conditions were as in Fig 2.
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Figureb.

Chemical structures and MS? spectra of nucleosides and internal standard involved in the

guantitative analysis. VAL-DESI-MS conditions were as in Fig 2.
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Figure®6.

TIC and extracted mass intensity traces from simultaneous determination of adenosine and
deoxyadenosine in cell lysates, indicating the content ratio of adenosine/deoxyadenosine in
red blood cells is significantly higher than that in promyelocytic leukemia NB4 cells. VVAL-
DESI-MS conditions were as in Fig 2.
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