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ABSTRACT: We introduce a centrifugal microﬂuidic disc that
accepts a small volume in (∼5 μL), performs sample cleanup on
human serum samples, and delivers a small volume out, for
subsequent metabolite analysis by surface assisted laser
desorption/ionization (SALDI) mass spectrometry (MS) or
hydrophilic interaction liquid chromatography (HILIC)-MS.
The centrifugal microﬂuidic disc improves the MS results by
removing proteins and lipids from serum. In the case of SALDIMS, sample background electrolytes are segregated from
analytes during the spotting process by the action of the
SALDI-chip during drying, for further cleanup, while HILIC
separates the salts in HILIC-MS. The resulting mass spectra of
disc-prepared samples show a clean background and high signalto-noise ratio for metabolite peaks. Several representative ionic
metabolites from human serum samples were successfully quantiﬁed. The performances of the sample preparation disc for
SALDI-MS and HILIC-MS were assessed and were comparable. Reproducibility, sample bias, and detection limits for SALDIMS compared well to ultraﬁltration sample preparation.

M

conducted using commercial ultraﬁltration centrifuge tubes,
requiring a high-speed centrifuge and other standard laboratory
steps, and is more challenging to use for low-volume samples
(<25 μL). Lower volume preparation and measurement of
blood-derived samples allow for multiple tests from a single
sample collection and would enable metabolite detection with
capillary blood samples from ﬁnger-stick tests.
Microﬂuidic techniques for convenient small-volume biological sample preparation are often suggested but rarely
realized. One of the challenges is that sample placed within a
chip occupies too low a volume to be recovered for oﬀ-chip
analysis, but integrating all of the detection components makes
for an expensive single-use, disposable device. Microﬂuidic
chips have been utilized for online separation in untargeted
metabolomic proﬁling,29 where samples were ﬁrst prepared by
various oﬀ-chip extraction/separation steps. Digital microﬂuidics has been utilized for sample preparation coupled with
mass spectrometry in proteomic30−34 and metabolite35,36
studies. Digital microﬂuidics requires a sophisticated electronic
control system for ﬂuid manipulation and relatively high cost
for device fabrication, and the range of sample processing steps
that can be translated to that format has limitations. In contrast,
centrifugal microﬂuidics features a simple control system and

etabolomic studies can facilitate biomarker discovery,1−4 diagnosis of disease,5−9 and toxic eﬀect assessment of drugs, toxins, and food additives.10−14 Considerable
interest is focused on small-molecule metabolites (<1500 Da)
such as amino acids,9,15,16 lipids,17−19 and fatty acids.15,20 Once
useful health markers are known, batch-processed, spot
analyses are an attractive approach to routine assays. Analyzing
blood-derived samples, such as serum, is of primary interest for
metabolite assays,21 but a high concentration of proteins, as
well as other biomolecules, usually generates interferences in
the following detection step, so sample preparation is required.
Here we introduce a centrifugal microﬂuidic device to
prepare ∼5 μL serum samples for small-molecule analysis by
surface assisted laser desorption/ionization mass spectrometry
(SALDI-MS). We have previously introduced a perﬂuorocoated, vapor-deposited, nanoporous Si ﬁlm for sample
desalting and SALDI-MS.22 Our centrifugal microﬂuidic disc,
fabricated by a simple print, cut, and laminate method,23
enables sample preparation, removing proteins and lipids from
serum. The sample is recovered from the disc following cleanup
and then transferred to a SALDI-chip, which provides an
additional cleanup by segregating the electrolyte background
from the sample salts.22
Conventional sample preparation methods for human serum
include organic solvent precipitation and ultraﬁltration.24−27
Organic solvent precipitation methods take time and require
that multiple steps be performed. Ultraﬁltration22,28 is often
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Received: December 14, 2018
Accepted: May 15, 2019
Published: May 15, 2019
7570

DOI: 10.1021/acs.analchem.8b05756
Anal. Chem. 2019, 91, 7570−7577

Article

Analytical Chemistry

Figure 1. (A) Schematic representation of the centrifugal microﬂuidic device without assembly (six layers of polyester ﬁlms). Transparencies with
toners are shown in black, and transparencies without toners are shown in light gray. Features in the top layer include vents and sample inlets/
outlets. (B) Assembled device without showing the top layer. (C) Design of a single sample processor. (D) Liquid movement in Chamber 3 under a
spin−stop cycle.

■

EXPERIMENTAL SECTION
Design of the Centrifugal Disc. The centrifugal microﬂuidic device for human serum sample cleanup consists of six
layers of polyester ﬁlm with 10 cm diameter and 100 μm
thickness for each layer (Figure 1A). Layers 2, 3, and 5
(numbered from top to bottom) are printed with toner as
bonding agent between layers. Features are cut by laser cutter,
and layers are aligned and laminated by hot laminator, as
described below. The assembled disc (Figure 1B) is ﬁxed using
a rubber cap on a spinning motor (0923/S010-R1, McMaster
Carr), which is controlled by a DC power supply (6217A,
Hewlett-Packard). The spinning frequency is measured by an
RPM meter (1905T22, McMaster Carr). Figure 1C represents
the microﬂuidic design of one processing unit on the disc for
sample preparation, which includes three chambers. Chambers
1 and 2 are for sample and reagent introduction, respectively. A
ﬁlter is inserted in the channel between chambers 1 and 3, to
separate supernatant and pellets under ﬁltration. Chamber 3 is
a two-level structure with a shallow center area for sample
drying and mixing. Sample stays in the center due to capillary
force when the device is not spinning. When sample is being
dried under vacuum, liquid will not contact with the edge of the
chamber and enter the gap between layers. When the device is
spinning and the centrifugal force overcomes the capillary
force, the liquid sample will be driven to the outmost region in
the chamber 3. Using spin−stop cycles, the liquid is moving to
accelerate sample mixing (Figure 1D). A small collector at the
far end of chamber 3 (shown at the bottom in Figure 1C) is

inexpensive device fabrication, can duplicate many laboratory
steps, and may facilitate high-throughput sample processing.37,38 Proteomic applications of centrifugal microﬂuidics
have been demonstrated for mass spectrometry,39 although the
sample cleanup challenges are diﬀerent than for metabolites.40
Sample preparation with centrifugal devices for the analysis of
individual metabolites, such as glucose, alcohol, lactate, or uric
acids, has been shown, with electrochemical41 or optical
detection.42,43 However, sample preparation for mass spectrometry using centrifugal microﬂuidic devices for analysis of a
broad range of small, ionic metabolites has not been reported.40
Here we have targeted free amino acids, which are critical in
neurotransmission. Inoshita et al. found substantial elevated
blood glutamate levels in major depressive disorder patients.44
Concentration changes in free amino acids in probable
Alzheimer’s disease45 were determined by Fonteh et al. in
various bioﬂuid samples. Citrate, whose level has been
associated with cancer,46 and taurine, which plays a crucial
role in regulation of vasoactivity,47 were also selected. We have
compared the performance of the centrifugal sample
preparation disc for sample cleanup for SALDI-MS with
cleanup for LC/MS. The resulting mass spectrum of the
prepared sample shows a relatively clean background and high
signal-to-noise ratio (SNR) for metabolite peaks in SALDI-MS,
and provides good sample cleanup for LC/MS. Reproducibility
and recovery of several identiﬁed metabolites obtained from
disc-based serum preparation with SALDI-MS detection are
evaluated. Quantitative analysis of metabolites is demonstrated.
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Figure 2. (A) Work ﬂow of disc-based sample preparation and analysis of metabolites by SALDI-MS. (B) Images of disc-based preparation steps:
(1) Inject serum samples premixed with methanol and C18 beads. (2) Pellet proteins and C18 beads by centrifugation and ﬁltration. (3) Dry the
supernatant by placing the disc in a vacuum chamber. (4) Add silica nanoparticle (SNP) suspension to dissolve the dried sample and adsorb
remaining proteins in the sample. (5) Remove SNP by centrifugation.

nanoposts were deposited on a silicon wafer substrate by
using glancing angle deposition (GLAD), followed by
oxidation in an air environment and surface derivatization
with (1H,1H,2H,2H-perﬂuorooctyl) dimethylchlorosilane
(pFMe2SiCl, Gelest).
Sample Preparation Coupled with Oﬄine SALDI-MS.
Figure 2A demonstrates the workﬂow of the sample
preparation and detection. Pooled human serum sample
(Innovative Research, MI) was ﬁrst premixed with methanol
(LC/MS grade, Fisher Chemical) and 10 μm C18 beads
(S03207B, Silicycle) for 1 min, to precipitate proteins and
extract lipids, respectively. C18 beads were suspended in
methanol at a density of 0−10% (weight/volume) and a
volume ratio of serum to C18 suspended methanol of 1:3. A 25
μL premixed sample was then prepared with the disc (Figure
2B). The precipitated proteins and C18 beads were separated
from the liquid phase by the ﬁlter at 1500 rpm for 2 min. The
supernatant containing the analytes was transferred into the
two-level Chamber 3. The disc was then removed from the
spinner and placed in a vacuum chamber to dry the supernatant
for 20 min. After the sample was dried, 15 μL aqueous
suspensions of 235 nm silica nanoparticles (microParticles
GmbH, Germany), whose density was varied from 0 to 0.25%
(weight/volume) during optimization, were added through
chamber 2 to redissolve the dried sample and then mixed by
spin−stop cycles for 3 min. The silica nanoparticles adsorbed
the remaining proteins in the sample and were separated from

used to collect silica nanoparticles by centrifugation, which are
added to remove proteins in the sample.
Fabrication of the Centrifugal Disc. Centrifugal microﬂuidic discs were fabricated by a print, cut, and laminate
method.23 The 8.5 × 11″ size transparency sheets (APO09209,
APOLLO) were used as substrates for printing and laser
cutting. For toner-printed transparency ﬁlms, the whole area of
each side was printed with three layers of black toner at a
resolution of 600 dpi with the laser printer (HP LaserJet
2055dn). The DXF format ﬁle of the microﬂuidic design was
created in AutoCAD software for laser cutting. Each layer of
transparencies was fabricated by a CO2 laser cutter (Epilog
Legend) in the “Vector cutting” mode. The laser cutter was
manually aligned, and cutting was performed with settings of
9% power, 80% speed, 1200 DPI, and 5000 Hz. The fabricated
layers were removed from the rest of the transparencies,
cleaned with ethanol and distilled water, and dried under N2
before assembling. Transparency ﬁlms were manually aligned
and taped together with Scotch tape one layer at a time, from
bottom to top. Before adding the top layer, a small piece (∼1 ×
1 mm) of glass ﬁber ﬁlter (Whatman GF/B) was inserted. The
assembled device was sandwiched between two layers of
aluminum foil for hot lamination at 260 °F, with a Catena 35
laminator using 3 mm roller pressure and the lowest speed. The
device was then removed from the foil and cooled for 1 min.
SALDI-Chip Preparation. The SALDI-chips were prepared as described previously.22 Brieﬂy, vertical silicon
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glutamic acid served as internal standard and was spiked into
serum samples before disc processing for glutamic acid
quantiﬁcation. All reagents were HPLC grade or higher.
Water was puriﬁed using an EMD Millipore Milli-Q Integral
System (Darmstadt, Germany). HPLC Mobile phase A was 25
mM ammonium formate in water at pH = 7.5, mobile phase B
was 25 mM aqueous ammonium formate in 9:1 acetonitrile/
water, the ﬂow rate was 0.50 mL/min with an injection volume
of 1 μL, at a 25 °C column temperature. Quantitation of
glutamic acid in serum was accomplished with a four-point
calibration curve using ratios of peak areas at 6.56 min, for
isotope-labeled Glu (147 Da) and native Glu (146 Da).

the solution by 2000 rpm centrifugation for 5 min, pelleted in
the small collection region. The cleaned sample was pipetted
out and acidiﬁed with 2 M HCl to reach a ﬁnal concentration of
0.18 M HCl. A 1.8 μL sample was then spotted onto a SALDIchip in a Petri dish and dried at 4 °C overnight for salt
crystallization.
The SALDI-chip with dried sample spots was attached to a
customized MALDI plate with a double-sided conductive
carbon tape (Electron Microscopy Sciences). The MALDI
plate was inserted into an AB Sciex Voyager Elite MALDI-TOF
mass spectrometer for analysis. A pulsed nitrogen laser (337
nm, 3 ns pulse) was employed for desorption and ionization.
Mass spectra were acquired in negative-ion mode, and the
signals were averaged for 100 laser shots, while the beam was
rastered to fresh locations within the spot. For sample
preparation assay development and analyte quantiﬁcation, at
least four replicate spots were measured to calculate the average
value and standard deviation for each sample. The laser
intensity for desorption and ionization was set to 2200 (a.u.)
for C18 optimization and 2100 for other measurements. Other
detailed instrument settings used previously optimized
conditions.22 Data Explorer 4.0 was used for MS data
processing to calculate ion count intensity and SNR ratio.
Six metabolites, including taurine, aspartic acid, malic acid,
glutamic acid, histidine, and citric acid, and two isotope-labeled
metabolites, L-glutamic acid-15N and citric acid-1,5-13C2, were
purchased from Sigma-Aldrich and prepared in deionized water
(18.2 MΩ) as standard solutions. Metabolites were quantiﬁed
using the standard addition method. Brieﬂy, serum samples
were spiked with various volumes of standard solutions of
analytes, followed by disc-based preparation and SALDI-MS
detection. Isotope-labeled or endogenous metabolites were
selected as internal standards.
Clean Sample Recovery Test. The disc-based preparation
was divided into two steps, methanol/C18 treatment and silica
nanoparticle treatment, for recovery evaluation of each step.
Standard solutions were prepared containing a ﬁxed concentration of isotope-labeled internal standards (200 μM glutamic
acid and 200 μM citric acid) and various concentrations of
non-isotope-labeled metabolites (0−500 μM glutamic acid and
0−800 μM citric acid). TBS buﬀer was run through the disc for
preparation, 1:1 mixed with standards, acidiﬁed with HCl, and
measured by SALDI for calibration curves. A clean sample with
known concentrations of glutamic acid and citric acid in TBS
buﬀer was prepared with the disc, using either the methanol/
C18 or the silica nanoparticle extraction steps. The discprepared sample was mixed 1:1 with isotope-labeled internal
standard solution, acidiﬁed with HCl to 0.18 M, measured by
SALDI, and quantiﬁed according to calibration curves.
Sample Preparation by Ultraﬁltration. Ultraﬁltration of
human serum samples was performed using centrifugal
ultraﬁltration tubes (Amicon Ultra-4, 3K Da cutoﬀ) and the
protocol described previously.22 The ultraﬁltered sample was
acidiﬁed with HCl to reach a ﬁnal concentration of 0.18 M HCl
and then spotted on a SALDI-chip for drying and MS analysis.
A standard addition method was employed for quantiﬁcation
with isotope-labeled internal standards.
Hydrophilic Interaction Chromatography (HILIC) with
MS. A hydrophilic interaction chromatography column
(Agilent InﬁnityLab Poroshell 120 HILIC-Z phase) was used
to separate the amino acids, coupled with a positive-ion mode
operated Single Quadrupole MS (Agilent Technologies 1100
HPLC with G1946A MSD) for detection. Isotope-labeled

■

RESULTS AND DISCUSSION
Sample Preparation Assay Development for Serum
Cleanup. To identify a sample clean up process that can be
realized on a centrifugal disc, we ﬁrst considered existing
sample preparation methods that remove proteins and lipids
from serum samples. A widely used cleanup method for
metabolomics in serum uses methanol precipitation of
protein,48 followed by liquid−liquid extraction with chloroform
to extract hydrophobic molecules from the sample. The
aqueous phase is then analyzed. Another common approach
is to use ultraﬁltration, which we employed for SALDI-MS
previously, with acidiﬁcation by HCl.
Methanol precipitation and supernatant collection is readily
accomplished on a disc. However, chloroform can cause severe
damage to the disc by dissolving the toners, so we replaced
liquid−liquid extraction with solid phase extraction. As a ﬁrst
stage extraction, C18 beads suspended in methanol were mixed
with serum with a volume ratio of 3:1 for protein precipitation
and extraction. The supernatant, after mixing of serum,
methanol, and C18 beads, was collected, dried under vacuum,
and redissolved with the same volume of water for SALDI-MS
detection. Particle densities of 1.7, 3.3, 6.6, and 10% were
tested, the sample spots on SALDI-chips were observed by
microscope, and the SNRs of six diﬀerent metabolites were
evaluated. Figure 3A shows that spots from sample preparation
with 0 and 1.7% C18 beads (wt/vol % in methanol) are larger
than sample spots prepared with higher density C18. For
densities of 3.3% or higher, the contact angle of the spotted
droplets is higher, the dried spots are cleaner, and background
electrolyte crystallization is localized in larger crystals, allowing
better mass spectrometry of the metabolites. Treating samples
with 3.3% C18 beads improved the SNR of aspartic acid,
glutamic acid, and histidine by a factor of 2 compared to
methanol alone. A two-tailed t test shows that the SNRs for
these three components, prepared with 3.3% C18, are
improved from samples prepared with 1.7% C18 (p < 0.05),
but the SNR decreased again at higher particle density. Taurine
and citric acid showed their best results at 1.7%, with a small
decline at 3.3%. Malic acid showed the same response at 0 and
3.3% particle density. On the basis of this study, 3.3% C18
particle density was selected for the solid phase extraction step.
Additional steps may be required to further clean serum
samples, as methanol precipitation cannot completely remove
the proteins in serum.49,50 Silica nanoparticles were selected for
a second extraction stage, since they adsorb proteins in serum
samples.51−54 Mixing and separation of the nanoparticles was
not diﬃcult to realize on a centrifugal microﬂuidic platform.
The eﬀect of the size of the silica nanoparticles on protein
adsorption has been studied previously, showing that smaller
size nanoparticles with larger surface area adsorb more
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Figure 4. SALDI mass spectra (negative mode) of serum sample after
preparation, with labeled peaks (taurine: 124.0; aspartic acid: 132.0;
malic acid: 133.0; glutamic acid: 146.0; histidine 154.0; citric acid:
191.0)., in the m/z range of 100−210. Upper plot, disc-based
preparation with methanol, C18 and silica beads; central plot,
ultraﬁltration; lower plot, disc-based methanol precipitation with no
bead based extraction.

Figure 3. (A) Microscopic photos of serum samples prepared with
methanol precipitation and solid phase extraction with diﬀerent
densities of C18 beads: (1) 0%; (2) 1.7%; (3) 3.3%; (4) 6.6%; (5)
10%. (B) Normalized signal-to-noise ratio of metabolites from serum
samples prepared in a disc-based manner with diﬀerent densities of
silica nanoparticles (SNP) to remove proteins after disc-based
methanol precipitation and C18 bead extraction. Error bars represent
standard deviations of average.

precipitation alone, followed by SALDI of the aqueous
reconstituted serum sample. The lower trace in Figure 4
shows a poor baseline, large background peaks, and low SNR
for analytes, presumably because of incomplete removal of
proteins and lipids. There are clusters of background peaks
with strong intensities in several m/z regions, such as 170−175
and 185−190, which could be identiﬁed as false positive
metabolite peaks or could result in false negatives for
metabolites in this region because of the chemical noise.
Figure 4 shows that the C18 and silica extraction steps greatly
reduce the background peaks seen when using methanol alone,
providing a spectrum that is much more similar to the
ultraﬁltration preparation. It is clear that the C18 and silica
particle treatment contribute substantially to improved
analytical performance.
Quantiﬁcation Using Isotope-Labeled Internal Standard. Two metabolites, glutamic acid and citric acid, were
selected for quantiﬁcation by the standard addition method
with isotope-labeled internal standards (15N glutamic acid and
13
C citric acid), as illustrated in Figure 5A,B. The SALDI-MS
analytical results from disc-based serum sample preparations
were 430 μM for glutamic acid and 160 μM for citric acid
(Table 1). The same serum sample prepared by ultraﬁltration
and detected by SALDI-MS shows consistent results, 463 and
157 μM for glutamic acid and citric acid, respectively (Table
1). The serum samples were also assayed by HILIC-MS,
following disc-based sample preparation, and the result for
glutamic acid was 405 μM. The RSD is ∼10% in these analyses,
meaning the concentrations observed by the three approaches
are in reasonable agreement. (Citric acid interacts too strongly
with the HILIC column to provide useful quantitative LC/MS
results.)
Analysis with Endogenous Internal Standard. While
isotope-labeled chemicals are ideal internal standards for massspectrometry-based metabolite analysis, the limited availability
and relatively high cost of these chemicals provide challenges
for analyzing large varieties of metabolites. Biological samples
usually contain numerous endogenous small molecules with
various physical and chemical properties, which hold great

proteins.51 In our microﬂuidic device, particles with a diameter
less than 200 nm took too long to remove by centrifugation,
while particles with a diameter larger than 500 nm were diﬃcult
to mix in the spin−stop cycles, leading us to select 235 nm
silica nanoparticles. Figure 3B illustrates the SNR of six
metabolites in serum samples prepared with diﬀerent densities
(wt/vol % in methanol) of nanoparticles. Compared to
preparation with methanol and C18 beads alone, 0.05% silica
nanoparticles increase the SNR of all six metabolites by a factor
of ∼2, as conﬁrmed by p < 0.05 for the six metabolites.
However, a higher density of silica nanoparticles leads to lower
SNR. The net increase in SNR from the two optimized stages
of C18 and silica extraction versus using methanol alone is ∼4.
Mass Spectra of Disc-Based Sample Preparations.
Figure 4 illustrates the mass spectra of serum samples after discbased preparation with the optimized methanol precipitation,
C18, and silica particle cleanup method, versus laboratorybased ultraﬁltration and acidiﬁcation. The identiﬁed metabolite
[M−H] peaks are labeled with their m/z values. The mass
spectrum of the disc-based sample preparation (Figure 4 upper
trace) gives a ﬂat baseline, little noise, and tens of metabolite
peaks, which is similar to the spectrum of the ultraﬁltered
sample (Figure 4, middle trace). The lower intensities of the
metabolites for disc-based sample preparation compared to the
ultraﬁltered sample is mainly attributed to dilution in the discbased preparation. The SNR of the six metabolites in discprepared samples is ∼2 times lower when compared to samples
prepared by ultraﬁltration. However, after methanol precipitation and C18 extraction, the sample is about 4× diluted and
not concentrated again in the following steps. This dilution
impacts the signal, but can be readily overcome by evaporation
of the solvent and reconstitution in a smaller volume. The
results establish that a useful mass spectrum can be obtained
using the disc-based preparation, comparable to commonly
employed laboratory-based methods.
To further evaluate the role of the C18 and silica treatment, a
negative control was performed using disc-based methanol
7574
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Table 2. Assessment of Reproducibility of Disc-Prepared
Serum Samples
RSD
metabolite
(m/z)

ion
count

relative intensitya (reference
metabolite)

relative intensity
(malic acid)

taurine (124.0)
aspartic acid
(132.0)
malic acid
(133.0)
glutamic acid
(146.0)
histidine
(154.0)
citric acid
(191.0)

40%
11%

18% (citric acid)
4% (glutamineb)

30%
9%

12%

9% (aspartic acid)

-

5%

7% (glutamine)

18%

17%

11% (aspartic acid)

17%

26%

15% (malic acid)

15%

a

Relative intensity is the intensity ratio of metabolite and reference
metabolite (internal standard). bm/z of glutamine is 145.0.

Figure 5. Calibration curves of glutamic acid (A,C) and citric acid
(B,D) in serum samples prepared by a centrifugal microﬂuidic disc and
detected on SALDI-chip with isotope-labeled (A,B) or endogenous
(C,D) internal standards. Standard addition method was employed for
quantitative analysis. Ion count ratio (analyte/internal standard) in
each calibration curve is 14N glutamic acid/15N glutamic acid (A), 12C
citric acid/13C citric acid (B), glutamic acid/glutamine (C), or citric
acid/malic acid (D). Error bars represent the standard deviations of
average.

taurine and citric acid show higher RSD relative to the other
compounds.
Figure 5 shows a comparison of the standard addition
calibration curves obtained with isotope-labeled internal
standards, versus alternate endogenous internal standards
(Figure 5A vs C,and 5B vs D). The extrapolated concentration
values for glutamic acid and citric acid are in good agreement
for both types of internal standard. The higher R2 values in the
curve ﬁts do indicate greater precision when using isotopelabeled internal standards, as expected with the isotope
standards, but the performance of endogenous internal
standards is nearly comparable.
Four additional metabolites in serum samples prepared with
the disc were quantiﬁed by standard addition. Endogenous
metabolites in serum were selected as internal standards for
those analytes. The calibration curve for each metabolite was
plotted as intensity ratio vs. concentration of standard (Figure
6). The results of quantiﬁcation are summarized in Table 1,
together with results obtained from a metabolite database as
well as those from previous analysis of serum prepared by

Table 1. Comparison of the Quantitative Results for
Metabolites in Human Serum Samplesa
concentration in original serum sample /μM
centrifugal disc-SALDIMS
taurine
aspartic acid
malic acid
glutamic acid
histidine
citric acid

b

70
43b
23b
430c
108b
160c

ultraﬁltration-SALDIMS
d

72
53d
18d
463c
88d
157c

databasee
45−130
<25
3−21
<100
26−120
30−400

a
Prepared and quantiﬁed by centrifugal microﬂuidic disc-SALDI-MS
with endogenous or isotope-labeled internal standards and by
ultraﬁltration-SALDI-MS. bData quantiﬁed with endogenous internal
standards, as shown in Figure 6. cData quantiﬁed with isotope-labeled
internal standards, as shown in Figure 5. dData from reference 22.
e
Data from Human Metabolome Database (HMDB, www.hmdb.ca).

potential for serving as internal standards. And unlike in LC/
MS, where using the same chemical with a diﬀerent isotope is
required to ensure the same elution time, in SALDI-MS, all
masses are ionized simultaneously. We evaluated several
endogenous internal standards for the metabolites we have
studied, for both reproducibility and quantitative precision.
The reproducibility of the disc-based sample preparation
method was assessed, with six parallel sample preparation
experiments, performed in separate microﬂuidic units on two
discs. The relative standard deviations in ion counts for six
metabolites are summarized in Table 2. When referenced to
endogenous internal standards, the ratio of intensities showed
substantially improved RSD. Given their chemical diﬀerences,
there is no single metabolite that is a satisfactory internal
standard for all six metabolites, as shown in Table 2 when malic
acid is used as the reference for all. The optimal choices
observed are given in the table, where it can also be seen that

Figure 6. Calibration curves of taurine (A), aspartic acid (B), malic
acid (C), and histidine (D) in serum samples prepared by centrifugal
microﬂuidic disc and detected on SALDI-chip with endogenous
internal standards. Standard addition method was employed for
quantitative analysis. Ion count ratio (analyte/internal standard) in
each calibration curve is taurine/citric acid (A), aspartic acid/
glutamine (B), malic acid/aspartic acid (C), or histidine/aspartic acid
(D). Error bars represent standard deviations of average.
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Table 3. Metabolite Recovery from Disc-Prepared Serum with Endogenous Internal Standardsa
metabolite

taurine

aspartic acid

malic acid

glutamic acid

histidine

citric acid

recovery/%

105 ± 16

87 ± 14

38 ± 3

101 ± 7

103 ± 26

28 ± 6

a

Error represents the standard deviation of average.

ultraﬁltration then quantiﬁed by SALDI-MS.22 The results of
all six metabolites were consistent with those from the other
preparation and quantiﬁcation methods. The limit of
quantitation for the compounds evaluated here in serum
were in the range of 0.5−5 μM, similar to our previous reports
for GLAD ﬁlms used for amino acid analysis.22
To evaluate the recovery of the six metabolites in the process
of disc-based preparation, we analyzed and compared two
groups of samples spiked with standards, either before or after
preparation with a disc. Standards spiked in serum samples
before preparation (Group 1) may suﬀer from losses during
preparation, whereas standards spiked in the samples after
preparation (Group 2) do not. Recovery was calculated as
follows, assuming a linear relation between signal and
concentration. S1 and S2 are the signals of a spiked metabolite
from Group 1 and Group 2, respectively. S0 is the signal of a
metabolite from a disc-prepared sample without spiking.

Centrifugal Disc Preparation Coupled with LC/MS. To
explore the versatility of our disc preparation for diﬀerent
analytical methods, we combined the disc-based sample
preparation of serum with HILIC-MS, using an isotope-labeled
internal standard. As indicated above, the result for glutamic
acid using disc-LC/MS was 405 μM, which is in agreement
within experimental error of the results from disc-SALDI. The
standard addition curve had an R2 of 0.943, similar to the plots
for SALDI-MS, indicating a similar level of precision.
(Interactions with the HILIC phase for citric and malic acids
were very strong, showing strong tailing in the chromatograms,
so an equivalent study with labeled citric acid was not
performed.)
The HILIC-MS study was also used to establish that the m/z
peaks assigned to various metabolites in the SALDI-MS data
were correctly assigned and did not include other chemicals of
a similar mass. HILIC-MS of metabolite standards established
the elution times, while extracted ion chromatograms of discprepared serum samples showed only a single peak, at the same
elution time.

recovery = (S1 − S0)/(S2 − S0) × 100%

The recovery of each metabolite is summarized in Table 3. The
recovery of malic acid and citric acid are signiﬁcantly lower
than those of the other four metabolites. Malic acid and citric
acid have analogous chemical structures, containing one
hydroxyl group and multiple carboxyl groups, which lead to
diﬀerent interactions with the beads in the preparation step.
To further understand the recovery observed, two isotopelabeled chemicals (15N glutamic acid and 13C citric acid) were
used to test recovery of the two non-isotope-labeled
metabolites in “clean” buﬀer samples (analyte in pH 7.4 tris
buﬀer). The two individual sample preparation steps, methanol
precipitation with C18 treatment or silica nanoparticle
treatments, were assessed separately. The results (Table 4)

■

CONCLUSION
This work realizes the goal of producing suﬃcient processed
sample volume from a microﬂuidic device for sample recovery
and subsequent external laboratory measurement of the
cleaned up sample. The strategy separates the low-cost,
disposable, microﬂuidic device for sample preparation, from
the detection elements, which can be costly or impossible to
fabricate in a microﬂuidic system. The centrifugal disc device
demonstrates suﬃcient removal of proteins, lipids, and other
biomolecules for eﬀective mass spectrometry of multiple smallion metabolites in human serum samples. Disc-prepared serum
samples were analyzed by both SALDI-MS and HILIC-MS,
with similar performance characteristics. The results illustrate
the potential usefulness of the centrifugal disc in sample
preparation for more than one type of analytical measurement,
with the target of speciﬁc metabolite assays or panels of
metabolites for a speciﬁc disease.

Table 4. Recovery of Metabolites for Each Individual DiscPrepared Stepa
glutamic acid
citric acid

methanol/C18

silica nanoparticles

101 ± 2%
27% ± 5%

101 ± 5%
99 ± 10%

■

Determined in buﬀer, “clean samples” with isotope-labeled internal
standards. Error represents the standard deviation of average value.
a
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are in good agreement with the serum recovery experiments
and show that the absence of protein did not change the
observed recoveries. Glutamic acid shows no obvious loss from
either of the sample preparation steps, while citric acid suﬀers
from low recovery in the methanol/C18 step.
In using two solid phase extraction steps, there can be
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Given the use of standard addition and an internal standard as
an approach, the impact of such bias can be reduced.
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