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Phosphate buffer used commonly in liquid chromatography (LC) separation is not appropriate for mass
spectrometry (MS) with an electrospray ionization source because nonvolatile salts in the buffer pre-
vent sample molecules from being ionized. We have newly developed a desalination interface device
(DID) for LC-MS using the specific adsorption of phosphate onto TiO,-coated magnetic microparticles
(TCMMPs). The TCMMPs which adsorb phosphate onto their own surface are collected by magnetic force
in the microchannel of the DID and removed. The DID successfully collected almost all TCMMPs and the
remaining phosphate rate was 15.1%. The signal-to-noise (S/N) ratio in the extracted ion chromatogram
of reserpine obtained by LC-DID-MS was increased 5.3-fold compared to the one obtained by LC-MS.
Our results indicate that the DID should be a powerful tool allowing phosphate buffer use in an on-line

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Liquid chromatography coupled with mass spectrometry
(LC-MS) is one of the most powerful analytical tools available
today and it is applied in various fields, such as organic synthe-
sis, drug development, food inspection, and biomolecular analysis
[1]. LC-MS equipped with an electrospray ionization (ESI) source is
most commonly used because ESI leads to less fragmentation than
other ionization techniques and has broad utility. Phosphate buffer
is commonly used in LC separation due to its wide-range buffering
capacity and low UV absorption. Unfortunately, nonvolatile buffers
such as phosphate buffer are inappropriate for ESI, since the MS
signal slowly disappears due to accumulation of solid salts in the
entrance cone of the MS though spectra are obtained initially. The
phosphate not only precipitates and deposits around the orifice
of the MS but also prevents the sample from being ionized when
sample solution is evaporated in the ESI source [2-4]. Therefore,
the sample has to be separated under volatile mobile phase, such
as ammonium acetate or the nonvolatile salt has to be removed
from the sample solution after separation.
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However, the mobile phase often cannot be changed. For
instance, when an unidentified peak in the ultra violet absorption
spectrum is found after LC separation with the phosphate buffer,
the fraction of the peak will often be analyzed by MS to obtain more
information about the peak such as molecular weight and chemical
structure. However, the phosphate salt included in the fraction has
to be removed before analysis by MS. If the mobile phase in LC is
changed to a volatile mobile phase, it will be difficult to find the
same unidentified peak as the one obtained under the phosphate
buffer condition because the elution position may be changed [5].
Therefore, it is desirable to develop an on-line device to remove
nonvolatile salt between the LC and MS systems.

There have been numerous studies to remove nonvolatile salts
from sample solutions, in which various methods were employed
such as size exclusion chromatography (SEC) [6-8], reversed-
phase liquid chromatography (RP-LC) [9,10], two-dimensional
liquid chromatography (2D-LC) [11,12], C18-loaded pipette tips
or a nanospray [13], liquid-liquid extraction using laminar flow
in a microchannel [14], and dialysis [15,16]. Some of them were
designed for on-line desalting of minute amounts of protein sam-
ples[8,13], whichisincompatible with continuous running at a high
flow rate around 200 pL/min needed for LC-MS. Wilson and Koner-
mann [17] reported on-line rapid desalination for a protein solution
based on liquid-liquid extraction using a microchannel laminar
flow, by which nonvolatile salt was removed at a rate of around
90%. This strategy is also inapplicable for low molecular-weight
compounds such as pharmaceuticals.
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Phosphate ions are known to be adsorbed strongly onto most
metal oxides including TiO, [18]. Recently, this affinity has been
used to collect phosphopeptide from crude extraction of biolog-
ical samples and to enrich it [19,20]. In particular, TiO,-coating
magnetic (Fe304/TiO, core/shell) microparticles (TCMMPs) have
been employed to collect and enrich phosphopeptide, because
the TCMMPs conjugated to the phosphopeptide molecules can
be collected readily from the sample solutions in a microtube or
microwell by employing a magnetic field [21,22]. On the other
hand, for continuous flow within a microchannel, magnetic micro
and nano particle separations have also been achieved by applica-
tion of a magnetic field [23,24].

Here we propose to employ TCMMPs in continuous flow within
a microchannel as a desalination interface device (DID) so as to
remove phosphate salt from sample solution after LC and before
MS using an ESI source. In this study, we designed a microfluidic
device equipped with magnets and confirmed its performance by
measuring particle concentration and phosphate adsorption rate.
We used reserpine as a sample and compared the analytical results
by LC-MS with the DID and without it.

2. Methods
2.1. Experimental setup

The DID configuration is shown in Fig. 1a. The dynamic mixer
(dead volume: 15 pL) was equipped with a heater and was con-
nected to the microfluidic device by a polyetheretherketone (PEEK)
tube (diameter: 0.25 mm). The microfluidic device consisted of
top and bottom aluminum plates with a semicircular channel
(diameter: 0.5 mm) and oblique access holes (diameter: 0.5 mm).
A polytetrafluoroethylene (PTFE) sheet which had a mechanically
produced penetrated straight groove of 0.5 mm width and 30 mm
length (Fig. 1b) was sandwiched between the top and bottom alu-
minum plates. The surfaces of the aluminum plates were coated
with PTFE. A Y-shaped microchannel was formed by the sandwich
of the middle PTFE sheet with the two aluminum plates. The upper
outlet of the microchannel was connected to the MS by another
PEEK tube (diameter: 0.13 mm) and the lower outlet was the waste
drain. One or three neodymium magnets (diameter: 14 mm; height:
10mm) were set under the Y-junction. A bolt-clamped langevin
type transducer (BLT) (Izumi Giken, Japan) was attached to the top
plate of the microfluidic device.

The desalination mechanism of the DID was as follows. First,
sample flowing from the LC was mixed with an ethanol dispersion
of TCMMPs in the dynamic mixer. Then, the mixture was introduced
into the microfluidic device which had a Y-shaped microchannel
with two outlets. While the sample mixture was in the dynamic
mixer and the microchannel, the phosphate salt in it was adsorbed
onto the surface of the TCMMPs. At the Y-junction, the TCMMPs
were collected on the lower side of the channel by the magnetic
force of the neodymium magnets and sample solution without
TCMMPs flowed along the upper side. To prevent the main part of
the microchannel from being blocked by aggregates of TCMMPs,
the microfluidic device was vibrated at 28 kHz by the BLT. The
BLT was driven by a sine wave of 28 kHz and 300V (peak-to-peak)
which was obtained by amplifying signals generated by a function
generator (Hewlett Packard, USA). A piezoelectric driver M-2682
(MESS-TEK, Japan) was used to amplify the signals and drive the
BLT.

2.2. Preparation of TCMMPs

TCMMPs were prepared by a coprecipitation method [25,26].
First, 264.65 g of FeS04-7H,0 and 7.48 g of FeCl3-6H,0 were dis-

solved in 200 mL of deionized water. Then, 23 mL of 28% ammonium
water were added with stirring and magnetite (Fe304) particles
were obtained. The particles were readily isolated using a magnet
and then were washed repeatedly with ethanol (3 times) and dis-
tilled water (3 times) to remove any unreacted impurities. Next,
the particles were coated with TiO, as follows [27]. The particles
were redispersed in 250 mL of ethanol by sonication. A mixture
of 30 mL of 33.3% (w/w) Ti(OEt)4 solution in ethanol and 3 mL of
water was added, and the particle dispersion liquid was stirred for
30 min. The particle dispersion was concentrated once and taken to
dryness using an evaporator to strengthen the cross-linking of TiO,
onto the surfaces of the particles. After TiO, coating, the particles
were again washed repeatedly with ethanol (3 times) and distilled
water (3 times). Finally, after filtration through a nylon mesh (pore
size: 40 wm), the filtrate was dried overnight using an evapora-
tor to yield TCMMP powder. The TCMMP powder was dispersed at
the concentration of 3.0 wt% in ethanol by sonication for less than
1 min and used as a dispersion. The particle size distribution was
measured by dynamic light scattering with a MicroTrac MT3000
(Nikkiso, Japan).

2.3. Measurement of particle concentration

The particle concentration was determined by measuring tur-
bidity of sample solutions that included dispersed TCMMPs.
The turbidities of known concentrations of particle suspensions
between 0.0005 and 0.01 wt% were measured at 650 nm with a
spectrophotometer V-660 UV/VIS (JASCO, Japan). By plotting the
absorbance, the following equation was obtained: Abs=65.8 x ¢
(r2=0.9994), where c and Abs correspond to particle concentra-
tion (wt%) and absorbance at 650 nm, respectively. Water and 3 wt%
TCMMP dispersion were introduced into the DID at the same rate of
200 p.L/min. Solutions flowing from the upper outlet to the MS was
collected for 3 min. Their particle concentrations were calculated
using the calibration curve. Based on the results, the remaining
particle rate flowing from the upper outlet was determined by
dividing the amount of the TCMMP from the upper outlet by the
total amount of the TCMMP.

2.4. Measurement of phosphate concentration

In flowing adsorption experiments, 5 mM phosphate solution
and 3% (w/w) TCMMP dispersion were introduced into the DID at
the same rate of 200 p.L/min and solution flowing from the upper
outlet to the MS was collected for 1 min. In experiments on batch
adsorption, 5mM phosphate solution and 3% (w/w) TCMMP dis-
persion were mixed in equal amounts, and shaken for 2 min. After
shaking, the TCMMPs were attracted to the bottom by a magnet
and the supernatant was collected.

The molybdenum blue method [28] was used to determine
phosphate concentration. The method is described briefly as fol-
lows. Potassium antimony tartrate solution was prepared by
dissolving 1.551g K(SbO)C4H40¢-3H,0 in water and diluting to
500 mL. Ammonium molybdate solution was prepared by dissolv-
ing 20g (NH4)sMo703,4-4H;0 in water and diluting to 500 mL. The
reaction mixture was prepared by mixing 50 mL of 2.5M sulfuric
acid solution, 5mL of the potassium antimony tartrate solution,
15 mL of the ammonium molybdate solution, and 30 mL of 0.1 M
ascorbic acid solution. One hundred microliter of the reaction mix-
ture and 500 L of sample solution were mixed. Absorbance at
880 nm was measured with the spectrophotometer 10 min after
mixing. Phosphate concentration was calculated based on a cali-
bration curve, which was drawn using standard phosphate solution
for each experiment. Phosphate remaining rate was obtained by
dividing the remaining amount by the total amount.
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Fig. 1. Schematic diagram of the DID. The DID consists of a dynamic mixer, a microfluidic device (cross-sectional view), one or three neodymium magnets, and a bolt-clamped
langevin type transducer (BLT). (b) Top views of top and bottom aluminum plates and middle PTFE sheet. (¢) Cross-sectional scheme for theoretical model to estimate fall

time of TCMMPs. The inset indicates the parameters of a neodymium magnet.

2.5. On-line MS analysis

The DID was connected between the LC and MS systems, and
a sample was analyzed using phosphate buffer. The DID was con-
nected to the MS by a polyetheretherketone (PEEK) tube (diameter:
0.13 mm). Another PEEK tube (diameter: 0.25 mm) was connected
to the lower outlet (waste drain). The flow between the drain chan-
nel and the channel to the MS was equalized by adjusting the length
of the PEEK tube for the waste drain. MS analysis was done with a
JMS-T100LP (JEOL, Japan) consisting of a time of flight mass spec-
trometer equipped with an ESI source and an Agilent 1200 liquid
chromatograph (Agilent Technologies, USA). Eluent A consisted of
aqueous 2.5 mM phosphoric acid and 2.5 mM sodium dihydrogen
phosphate, whereas eluent B was acetonitrile-water (80:20) con-
taining 2.5 mM phosphoric acid and 2.5 mM sodium dihydrogen
phosphate. Separation was done at the mobile phase flow rate of
200 pL/min using a Mightysil RP-18 column (Kanto Kagaku, Japan).
The column was equilibrated with mixed eluent containing 98%
eluent A and 2% eluent B. A sample was injected, and a linear gra-
dient to 100% eluent B in 5min was applied. Mass spectra were
obtained with the ESI positive mode. Data acquisition and data
analysis were performed using Masscenter software (JEOL, Tokyo,
Japan). An extracted ion chromatogram obtained from 0.5 to 1 min
was used as noise to calculate a signal-to-noise (S/N) ratio.

Next, the influence of only TCMMPs misled into the MS system
was evaluated. The TCMMP solutions were prepared by suspend-
ing TCMMPs into ethanol at 0.05 or 0.10 wt%. Ten microliter of
reserpine (100 ppb) solutions were injected into the LC-MS under
the same conditions as above except for the mobile phase. In
these experiments, 0.1% formic acid was used instead of phosphate
buffer. Before injecting into the MS, TCMMP solution at the flow
rate of 50 wL/min was mixed using a T-junction. As a result, the
mixed solutions included TCMMPs at 0, 0.01, or 0.02 wt% for MS
analysis.

3. Theory

Magnetic particles are attracted toward the bottom of the
microchannel by magnetic force while they are flowing in the
microchannnel. According to the simulation results we obtained
using Ansys CFD software (Ansys Inc., USA), there was no eddy
around the Y-junction and the fluid was divided into two pseudo-
channels by the center plane (Fig. 2). Therefore, the TCMMPs below
the center plane of the microchannel at the Y-junction will drain to
the lower outlet as waste. Namely, all the TCMMPs having the fall
time shorter than the time needed to pass through the area over
the magnets will be collected into the drain, and some of the other
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Fig. 2. Fluid simulation results on the vertical plane around the Y-shaped junction
of the DID. The simulation was done for the viscosity of an ethanol-water solution
(1:1 by volume) under a laminar flow condition. The vertical plane extends perpen-
dicular to the centerline of the microchannel. Directions and colors of the arrows
show direction and velocity of the fluid. The fluid was sent from right to left. It was
confirmed that the fluid over the center plane flowed into the channel to the MS and
the fluid below the center plane flowed into the waste drain.

TCMMPs with longer fall times will not be collected, but will flow
into the outlet leading to the MS.

Fall time of TCMMPs from the top to the middle of the chan-
nel was estimated in a simplified model (Fig. 1c). Buoyant force
was negligible compared with the magnetic force. Fluid flows in x
and y directions and ascending flow caused by the falling TCMMPs
were ignored to simplify the model. Magnetic flux density B above
a cylindrical magnet is shown as a function of distance Z from the
surface of the magnet in Fig. 1c inset and given by the following
equation [29].

Zp+1In 3 Zp
VAZy + ) +d2 /422 +d

According to Eq. (1), the magnetic flux density at a distance
2.25mm from the surface of the magnet is 0.34T, and the mag-
netization of TCMMPs will be saturated. Therefore, the magnetic
force F, acting on a TCMMP is proportional to the gradient of the
magnetic flux density B when the magnetization of the TCMMPs
reaches saturation Msq: and it is given by [30]

B=B, (1)

Fm = V(Msat . VB)

(2)

Distribution (%)

5 6
Particle Diameter (um)

7
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Table 1
Minimum diameters of TCMMP collected completely by DID under each set of
conditions.

Number of magnets 3 3 1 1
Height of microchannel (mm) 0.5 1.0 0.5 1.0
Minimum diameter (pm) 0.74 0.75 0.79 0.81

where Vis the volume of a TCMMP. The volume V can be substituted
by ndg/G, where d, is the diameter of a TCMMP. The drag force can
be calculated with Stokes Law and the magnetic particle is acceler-
ated in a very short time to its maximum velocity. Therefore, v can
be expressed as

2

dp
v (Msqt - VB)

- 1o 3

where 7 corresponds to dynamic viscosity of the fluid. If we con-
sider that the TCMMPs fall just along the central axis of the magnet
and we neglect the force in the x and y directions, fall time from the
top to the center of the microchannel T is obtained by integration
of 1/v, from the top to the center of the microchannel

zp+h
T= / ldz
zp+h2 Uz

where z and h correspond to the distance from the surface of the
magnet of the bottom of the microchannel and the height of the
microchannel, respectively.

The relationship between dp and T was calculated by Maxima,
a computer algebra system [31], for each case of h=0.5 and 1 mm
when Br of the neodymium magnet, Msq; of TCMMPs, width of the
microchannel w, and the distance from the surface of the magnet
to the bottom of the microchannel zwere set to 1.2 T, 4.8 x 10° A/m
[32],0.5 mm, and 1.25 mm, respectively. Assuming that the velocity
profile was flat, for a 400 p.L/min flow rate, we obtained transporta-
tion times to pass through the area over the magnet (12 mm) of 0.45
and 0.9 s, respectively, when h=0.5 and 1 mm.

4. Results and discussion
4.1. Particle collection capacity of DID

Particle size is one of the most important factors on which the
attracting force applied by a magnet depends. The particle size dis-
tribution is shown in Fig. 3. The relationship between the particle
size and fall time under each set of conditions was obtained by
a theoretical estimation (Fig. 4). The smallest collectable particle
sizes (as minimum diameter) are summarized in Table 1. According

04 06 08 1

UL L L
8 9 10 11 12 13 14 15

Fig. 3. Distribution of TCMMPs synthesized in this study. The inset is an enlarged graph around the smallest particles. TCMMPs particle were distributed over a wide range

of diameters from 0.53 to 13.08 pm.
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Fig. 4. Estimated fall time as a function of diameter of TCMMPs. The left and right
graphs show data for two heights of the microchannel h=0.5 and 1.0 mm, respec-
tively.

to these results, the particle remaining rate would be approxi-
mately less than 1% in all cases. The height of the microchannel
had little effect on the collectable particle size. Though the mag-
netic flux density in the microchannel increased when the height
of the microchannel was lowered, the effect almost disappeared by
decreasing the transportation time of the TCMMPs over the mag-
net. Since adding more magnets affected only the magnetic flux
density in the microchannel, the smallest collectable size was only
lowered from 0.79 to 0.74 um when the height was 0.5 mm. The
difference in the smallest collectable particle sizes under these con-
ditions was hardly affected and was less than 0.5% according to the
particle distribution in Fig. 3.

Transparent perfluoroalkoxyalkane (PFA) tubes (inner diame-
ter: 0.5mm) were connected to the upper and lower outlets of
the microfluidic device and flowing fluid in each PFA tube was
observed with a stereomicroscope (MZ16F, Leica, Germany). We
confirmed that almost all TCMMPs were collected into the lower
outlet (waste drain) under all conditions. The experimental results
of the particle remaining concentration of the DID for each set of
conditions are shown in Fig. 5. The TCMMPs could be collected very
efficiently and the remaining particle rate was 1.23% when three

B4

Remaining Particle Rate (%)

0,
0.5 mm Microchannel Height 1.0 mm Microchannel Height
1 Magnet 3 Magnets 1 Magnet 3 Magnets

Fig. 5. Experimental results of particle remaining rate for each set of conditions. The
remaining concentrations were less than 4% (n=6, error bar: SD).
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Fig. 6. Phosphate remaining rates measured by the molybdenum blue method.
Though phosphate was almost adsorbed completely in the batch experiments, phos-
phate adsorption rates in the flowing experiments were more than 15% (n =3, error
bar: SD).

magnets were used and the height of the microchannel was 0.5 mm.
We applied these conditions in experiments hereafter. The parti-
cle remaining rates for three magnets were lower than those for
one magnet regardless of the height of the microchannel. However,
unlike the theoretical estimation, the height of the microchannel
influenced the remaining rates more than the number of magnets.
These results should be due to partial blocking of the microchan-
nel by aggregated particles attracted by the magnetic force though
the surface of the microchannel was coated with PTFE and the DID
was vibrated ultrasonically. The linear flow velocity is inversely
proportional to the height of the microchannel. The higher the
microchannel is, the more easily the particles adhere to the bottom
of the microchannel. In fact, we often found a sludge of particles
on the groove in the PTFE sheet when disassembling the DID after
experiments. In all cases, the experimental particle remaining rate
was less than the theoretical one. The results should be not only due
to the sludge of particles mentioned above, but also due to upward
flow generated by falling particles. Since the downward flow is gen-
erated by viscosity when many particles fall, upward flow must
exist elsewhere. When a particle has a long falling distance, it may
be easily caught in the upward flow.

4.2. Phosphate adsorption capacity of DID

The experimental results of phosphate adsorption rates are
shown in Fig. 6. In the batch adsorption experiments at room tem-
perature, almost all phosphate was adsorbed onto the TCMMPs and
the phosphate remaining rate was 1.1%. In the flowing experiment
at 25°C, the remaining rate was 20.2%. In order to improve the rate,
the dynamic mixer was heated to 60°C. As a result, the remain-
ing rate was increased to 15.1%, which was almost the same as
the result by liquid-liquid extraction using a microchannel laminar
flow of 10% [17]. The dynamic mixer was not heated above 60°C
because the boiling point of ethanol aqueous solution is around
80°C [33]. The result for the flowing experiment at 60 °C was still
14% lower than the batch experiment results; the adsorption time
was estimated as 3.7 s by dividing the dead volume of the DID
(24.6 L) by the flow rate (400 pL/min), and this time was much
shorter than that of the batch experiments. The adsorption rate
could be raised by increasing the adsorption time and improving
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Fig. 7. Extracted ion chromatograms of reserpine by (a) LC-DID-MS and (b) LC-MS. The respective S/N ratios were 22.9 and 4.3 and the peak widths were 0.20 min and

0.05 min.

the dynamic mixer. In the following on-line analysis by LC-DID-MS,
the dynamic mixer was heated to 60°C.

4.3. On-line analysis by LC-DID-MS

To inspect the capability of the DID, 10 L of reserpine solu-
tion (1 ppm) was injected into the LC-DID-MS and the LC-MS. No
peak forreserpine was distinguished in the total ion chromatograph
by either LC-DID-MS or LC-MS owing to the large background
noise. The reserpine peak was detected in both extracted ion
chromatograms obtained by LC-DID-MS and LC-MS (Fig. 7). In
particular, the phosphate suppressed the peak intensity strongly
(Fig. 7b). Although the results in the previous sections showed
the DID could not collect all the TCMMPs and could not adsorb
phosphate completely, the S/N ratio with DID was increased 5.3
times over that without the DID. The peak intensity with DID must
be decreased by not only remaining phosphate but also remain-
ing TCMMPs. The influence of only TCMMPs misled into the MS
system was evaluated by interfusing TCMMPs artificially into the
sample solution between the LC and MS systems. The peak inten-
sity of the extracted ion chromatogram decreased as the particle
concentration was increased (Fig. 8a). Calculation of the peak area
showed a linear relationship between the particle concentration
and peak area (Fig. 8b). By assuming linearity, the peak area would
be 590 when TCMMPs were misled into the MS system at 0.037 wt%
(remaining particle rate: 1.23%). Therefore, the peak area by LC-
DID-MS increased by about 5-fold if the TCMMPs were removed
completely.

On the other hand, the peak tail by LC-DID-MS was 4 times
longer than that by LC-MS. The peak tailing should be caused by
the dynamic mixer because it was hardly observed when only

a
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@
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b
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the DID was connected between the LC and MS systems. Addi-
tionally, nonspecific adsorption onto TiO, and sample loss when
collecting TCMMPs should be considered. By quantitative analy-
sis using MS, we confirmed that reserpine was adsorbed partly
onto TiO, nonspecifically and the adsorption rate depended on
the samples (manuscript in preparation). In particular, attention
should be paid to this nonspecific adsorption when a sample
with phosphate or carboxyl group is analyzed [18]. More detailed
work is necessary to resolve the peak tailing and the nonspe-
cific adsorption. Additionally, the current DID has to drain half of
the sample to collect a sufficient amount of TCMMPs. This issue
can be resolved by collecting TCMMPs under two-phase flow;
for instance, by dispersing TCMMPs into a hydrophobic solvent
such as cyclohexane. TCMMPs will go into the hydrophilic phase
and adsorb phosphate when the TCMMP dispersion and aque-
ous sample solution are mixed since the surfaces of the TCMMPs
are hydrophilic. Next, a two-phase flow is formed by introducing
the TCMMP dispersion and the aqueous sample solution into the
DID. Finally, the TCMMPs are collected in the hydrophobic phase
by the magnetic force. In this way, the sample aqueous solution
which does not include TCMMPs and phosphate will flow into the
MS.

The sample mixture can be separated by LC using formic acid
instead of phosphate buffer and the S/N ratio in the MS will
increase significantly, however, formic acid may change the order
of the elution. When there are unidentified peaks in the ultravio-
let absorption spectrum obtained after the LC, the DID will give LC
users a chance to analyze these peaks by MS. These results indicate
that this technique to remove phosphate from buffer continuously
has enough potential to apply it for LC-MS and the DID will enable
LC-MS users to utilize phosphate buffer solutions on-line.

3500 -
3000
2500
2000 4

y=-69072x + 3145.6

1500 R% =0.9996
1000
500

0- T T 1
0 0.02

Particle Cur;cemration (W1%)

Fig. 8. Influence of misled TCMMPs into the MS system. (a) Extracted ion chromatograms of reserpine when the TCMMPs interfused at the final concentrations of 0, 0.01,
and 0.02 wt%. (b) Peak areas of extracted ion chromatograms of reserpine in (a) (n=3, error bar: SD).
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5. Conclusions

In this study, we designed and fabricated the DID for LC-MS
based on a theoretical simulation. The remaining particle and
phosphate rates that the DID achieved under the optimized con-
ditions were 0.037% and 15.1%, respectively. According to the
analysis results by MS, the DID improved S/N ratios in extracted
ion chromatograms. For reserpine, the S/N ratio in the extracted
ion chromatogram increased 5.3-fold using the DID. These results
indicate that the DID should be a powerful tool to allow phosphate
buffer to be used in LC-MS. Next, we need to mitigate peak tail-
ing and deal with the issues of nonspecific adsorption of a sample
onto TCMMPs, undesired flow of TCMMPs into the MS system, and
unadsorbed phosphate flowing into the MS system.
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