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analytical performances of a
valve-based droplet direct injection system by
inductively coupled plasma-atomic emission
spectrometry†

Kaori Shigeta,*a Yuki Kaburaki,b Takahiro Iwai,b Hidekazu Miyaharab

and Akitoshi Okinob

We have developed a sample introduction system using a magnetic valve type dispenser, named “droplet

direct injection nebulizer (D-DIN)”. In the case of the D-DIN, sample solution is directly injected as a

single droplet or a series of droplets into the plasma. The droplet volume can be controlled across a

wide range of droplet size from 700 pL (110 mm) to 100 nL (580 mm) by changing the inner diameter of

the nozzle tip, back pressure and valve open time. The D-DIN system additionally enables direct

injection of cells contained in a droplet into the plasma. In this study, the droplet system was optimized,

and droplet characterization and analytical performances by emission profiles were investigated. When

the emission intensities of 15 nL-volume droplets were measured by side-on observation, the detection

limits of Na, Mg and Sr were 20.3 pg (1.35 mg mL�1), 56.5 pg (3.77 mg mL�1) and 20.6 pg (1.37 mg mL�1),

respectively. Finally, a single droplet containing yeast cells was directly introduced into ICP and the

emission profile of Na was measured with a satisfactory signal to noise ratio.
Introduction

Many trace metals in biological uids and organs are incorpo-
rated into proteins, known as metalloproteins. Some of them
operate as a biological catalyst in the regulation of reactions and
physiological functions in biological cells and organs.1 Distri-
bution of major-to-ultratrace elements in biological uids, cells
and organs was established as one of themain research subjects
for metallomic studies.2 Distribution of these elements may
provide information about health and disease of primary
importance in medical diagnosis, and may help in the design of
chemotherapy drugs.3 Haraguchi et al. performed the rst study
to measure metals in single or three salmon egg cells.2,4 The
quantitative data for 74 elements were reported in a concen-
tration range of 0.359% for P to 0.00037 ng g�1 for Tm on the
basis of three salmon egg cells.4 However, it is still difficult to
measure trace elements in a single cell because of the limited
amount of sample. There is a strong requirement for new and
more advanced analytical techniques.
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Scott Tanner's group from the University of Toronto has
shown for the rst time a single cell analysis by using a
homemade mass spectrometric cytometer (MSC)5 based on an
inductively coupled plasma mass spectrometry (ICP-MS). In the
work of Scott Tanner's group, the cells were detected indirectly
in an immunoassay by the use of a metal labeled antibody.6 For
sample introduction a conventional micro-concentric nebulizer
in a desolvation system was applied. ICP-MS used for the MSC is
based on a very specic time of ight instrument, which only
allows the measurement of all elements above 100 Da. Thus it
has not yet been applied to measure the natural composition of
essential elements and metals in single cells. The direct label-
free analysis of single cells by ICP-MS has been rst reported by
SamHouk's group.7 Theymeasured the signal of U incorporated
intrinsically into Bacillus subtilis using a micro-concentric
nebulizer and operated the ICP-sector eld mass spectrometer
(SFMS) with an integration time of 4 ms to investigate the
behavior of single cells and observed U+ spikes for intact
bacteria. Recently, a single particle methodology using a glass
concentric nebulizer was applied to algae,8 yeast9 and
nanoparticles.10

On the other hand, monodisperse droplet generators have
been used to observe the production of atoms and ions for
ames and plasmas. Hieje et al. developed a system to
generate droplets on demand by mechanically disturbing a
liquid stream transported through a capillary.11 The developed
system was applied for the observation of atoms and ions for
J. Anal. At. Spectrom., 2015, 30, 1609–1616 | 1609
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ames. For injection of individual droplets, andmonodispersed
and isolated droplets into an ICP, French et al. designed a
monodisperse dried microparticulate injector (MDMI).12 This
system consists of a piezoelectrically driven micro-pump, the
ow rate of which can be varied by utilizing an appropriate
variable-frequency square wave pulse generator from a single
droplet (e.g., 57 mm diameter droplet size, 0.1 nL diameter
droplet volume) up to 6000 Hz (0.58 mL s�1).12 Olesik et al.
reported for the rst time spatially and temporally resolved
measurements of emission intensities using a MDMI.13 Emis-
sion proles were measured from a single droplet, and its
heights and peak areas had a relative standard deviation of 1–
6%. Groh et al. applied a commercial piezoelectric droplet
generator to ICP-AES to investigate desolvation and atomization
in an ICP.14

In the last couple of years, micro-droplet generators (mDGs)
are becoming popular for the sample introduction system in
ICP-MS. Niessen et al. have developed a home-built aerosol
generator named “droplet on demand” based on a modied
thermal inkjet cartridge.15 In our previous paper16,17 we have
optimized a micro-droplet generator (mDG) for sample intro-
duction into an ICP-SFMS, which was also applied in the work
of Gschwind et al.18 and Franze et al.19 for analysis of single
metallic nanoparticles. We have shown for the rst time that
semi-metals and metals were investigated in single cells by
using an ICP-SFMS with high time resolution.17 However,
some problems related to this application still remain unan-
swered. The rst problem is that cells might be destroyed
during the high pressure shock waves produced for droplet
generation. Exploding cells in the tip capillary would cause
memory effects. The second problem is that clogging and the
trajectory errors occur when the droplets containing a cell with
several tens of mm in diameter are injected. It would be a
rather limitation because a typical size of biological cells
commonly used in experimental biology ranges from a few mm
to several tens of mm in diameter. Fortunately, these have not
yet been observed and can be related to the fact that the yeast
cells used here are small enough (about 4 mm) and robust.17

For stable droplet injection containing a cell, the droplet
diameter must be optimized to t the cell diameter but a piezo-
type dispenser generates only a similar size of droplet at the
nozzle tip diameter. In addition, it is hard to change a nozzle
tip because a glass capillary with a nozzle tip is surrounded by
a piezo-actuator. The fact also makes maintenance difficult
when a capillary is clogged.

Taking all these into consideration, we developed a new
sample introduction system using a magnetic valve type
dispenser named droplet direct injection nebulizer (D-DIN)
system.20,21 In our previous work, the D-DIN system was applied
to the ICP measurement system, and the emission intensities of
the analyte were measured from droplets containing a sample
solution. However, it was difficult to introduce the droplets into
the centre of the plasma, and emission intensities were
unstable in some cases. The present work has three main goals:
(i) to improve the stability of droplet injection into the plasma,
(ii) to show droplet characteristics and analytical performances
such as signal intensity, precision and LODs from emission
1610 | J. Anal. At. Spectrom., 2015, 30, 1609–1616
proles, and (iii) to present a principle experiment of direct
injection of a high amount of cell.

Experimental
Reagents and samples

The analytical performance of the D-DIN-ICP-atomic emission
spectrometer (AES) was evaluated using a multi-element solution
prepared from standard solution (100 mg mL�1 Na, Mg, and Sr,
Kanto Chemical Co., Inc., Japan). Standard solution was diluted
using ultra-pure water (>18.4 MU cm�1) (Japan Millipore K.K.,
Tokyo, Japan). Sensitivity tuning of the D-DIN-ICP-AES was also
conducted using the same multi-element solution. Dry yeast
(Oriental yeast Co., Ltd, Tokyo, Japan) was used for direct injec-
tion of cells. To determine the concentration of yeast cells, dry
yeast was digested with nitric acid (70%) and hydrogen peroxide
(30%) (both were of electronic laboratory grade, Kanto Chemical
Co., Inc., Japan). Samples of standard calibration were prepared
by diluting a standard solution of Na (1000 mg mL�1; AAS grade,
Kanto Chemical Co., Inc., Japan) with ultra-pure water.

Elemental analysis of digested yeast samples

To determine the total Na in yeast cells, 1.00 g of yeast sample
was digested using a microwave oven (Multiwave 3000, Perki-
nElmer Japan Co., Ltd, Yokohama, Japan) aer the addition of
20 mL nitric acid and 0.8 mL hydrogen peroxide. When samples
were completely digested, indium was added to a nal
concentration of 50 ng mL�1 for use as an internal standard,
and the weight was adjusted to 100 mL (a dilution factor of 100)
using ultra-pure water. Na was determined using an ICP-MS
instrument (ELAN DRC-e, PerkinElmer Japan Co., Ltd, Yoko-
hama, Japan), equipped with a conventional nebulizer (conical
nebulizer 1 mL min�1, Glass Expansion, West Melbourne, VIC,
Australia).

Direct injection of standard solution and yeast cells using a D-
DIN-ICP-AES

For direct injection of standard solution, 10 mg mL�1 Na, Mg
and Sr standard solution was prepared by diluting a multi-
element solution using ultra-pure water. For direct injection of
yeast cells, 500 mg of dry yeast was diluted with ultra-pure water
up to 50 mL (a dilution factor of 100). In order to minimize any
alternation of yeast cells, yeast samples were diluted before
analysis. The number of yeast cells in a single droplet was
calculated from the concentration of yeast cells in the diluted
yeast sample solution. The concentration of yeast cells was
counted by using a cell counting plate and a microscope.

Instrumentation
Droplet direct injection nebulizer (D-DIN) system

The same setup of the D-DIN system in our previous paper21 was
used to generate droplets. Fig. 1 shows the schematics of the D-
DIN system. A dispenser device (MJ-020 Standard Type, Mect
Corporation, Osaka, Japan), which consists of a dispenser head
equipped with amagnetic valve, control unit, and sample solution
This journal is © The Royal Society of Chemistry 2015

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3ja50382h


Fig. 1 Schematic of the droplet direct injection nebulizer (D-DIN).

Fig. 2 ICP-torch for the droplet direct injection nebulizer (D-DIN)
system.
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container, was used as a droplet dispenser. The following
parameters affected the droplet volume: applied back pressure
(<0.15 MPa) and valve open time (0.04–10 ms), controlled by the
control unit. While a back pressure (0.001–0.200MPa) was applied
to the sample container, the sample solution was transported to
the dispenser head, and injected by opening the magnetic valve
with a short pulse. The pulse was provided by a function generator
(AFG3102, Tektronix Inc., Tokyo, Japan), and transmitted to the
control unit through a metal-oxide–semiconductor eld-effect
transistor (Mosfet) (ZVNL 120A, Diodes Inc., Taipei, Taiwan) used
for amplifying and switching electronic signals. The number of
droplets introduced could be controlled within a range from a
single droplet to 5000 droplets per s. However, droplet introduc-
tion frequencies were set from 0.1 to 10 Hz during experimental
investigation to avoid blinking and extinction of plasma. In this
study, stainless steel tips (30, 50, 100 mm i.d., 30 mm long, Mect
Corporation, Osaka, Japan) and a fused-silica tip (30 mm i.d., 500
mm long, New Objective, Inc., Woburn, USA) were used as a
nebulizer nozzle tip to reduce the droplet volume and to obtain
ne droplets without droplet satellites. The silica tip was cut to 15
mm using a diamond-blade cleaving tool.

The velocity as the mean value of moving distance was
measured by taking photographs with a high-speed video
camera (500 ames s�1, MotionScope, Redlake MASD Inc., San
Diego, CA, USA) every 2 ms.
Design of ICP-torch for the D-DIN

An ICP-torch designed for the D-DIN system21 was modied for
more stable transportation of the droplet. A design of the ICP-
torch is described in Fig. 2. The torch had a three-layered tube
structure and was made from quartz glass. The nebulizer nozzle
tip was directly mounted onto the ICP torch using a laboratory
design connector. In this study, a connector and spacer made
from polytetrauoroethylene (PTFE) were designed additionally
to distribute the carrier gas through the centre of the spacer if
necessary. The carrier gas ow in the inner tube is focused by
the spacer, and it enables the droplet to be introduced into the
centre of the plasma. The plasma gas is introduced into the
middle layer from a tangential direction through the gas inlet,
and the auxiliary gas is not needed for this torch. In the outer
layer, the cooling gas is introduced, and is exhausted in the axial
direction cylindrically around the plasma.
This journal is © The Royal Society of Chemistry 2015
In addition, the torch has two signicant differences from a
conventional Ar-ICP torch: (1) a smaller plasma gas inlet which
creates a higher initial gas velocity and (2) a shorter distance
between the plasma gas inlet and the plasma generation region
which prevents a reduction in vortex ow velocity.22–26 The torch
has the advantage that a stable Ar ICP can be generated from
200 to 1400 W RF power with a plasma gas ow rate of 3 to 15 L
min�1 and a cooling gas ow rate of 20 L min�1.25,26 In this
study, the ICP was operated with a RF power of typically 1000 W
and a plasma gas ow rate of 13 to 15 L min�1, and cooling gas
was used to avoid the torch melting when the radio frequency
wave (RF) power was higher than 1000 W. The other experi-
mental facilities of the ICP source, such as an RF generator,
impedance matching network and gas introduction, have been
described in previous papers.22,26

Spectrometer and data acquisition

The optical detection system consists of a spectrometer (500
mm focal length, 0.0270 nm resolution, Czerny–Turner) with a
photoelectron multiplier (PMT) (R928, Hamamatsu Photonics
Co., Ltd, Shizuoka, Japan). The spectral emission from the
excited atoms was imaged using a quartz lens (f ¼ 101.7 mm,
aperture: 40 mm) onto a bre, and was introduced to the
entrance slit of a monochromator with a photomultiplier. The
experimental arrangement is shown in Fig. I (ESI†). In the case
of side-on observation, the emission intensity was measured at
a position of 0 mm above the load coil (A.L.C.). The lens was set
at a position of 200 mm (2f) from the centre of the plasma, and a
one-to-one image was focused at a position of 200 mm (2f). In
the case of end-on observation, the lens was set at a position of
300 mm (3f) from a position of 0 mm A.L.C., and a half image
was focused at a position of 150 mm (3/2f). The alignment was
performed by the adjustment of the imaging of ICP and the
optical bre to the maximum peak height of the analyte in
multi-element solution. The photomultiplier signal was digi-
tized and stored using a digital storage oscilloscope (TDS-680B,
Sony/Tektronix Corp., Tokyo, Japan). A time resolution of 40 ms
was used to detect transient emission signals from a single
droplet. The sample rate was 25 kHz.

Results and discussion
Characteristics of droplets

A piezo-based droplet dispenser has been applied for analysis of
selenized yeast cells.17 However, as described earlier, there still
J. Anal. At. Spectrom., 2015, 30, 1609–1616 | 1611
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Fig. 3 Droplet velocity as a function of back pressure at (a) various
valve open times: 0.5, 1.0 and 10 ms and (b) various nozzle diameters:
30, 50 and 100 mm.
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remain two main problems to be resolved: (i) cell damage from
piezoelectric shock waves; (ii) clogging and the trajectory errors
occur by injection of a cell with several tens of mm in diameter.
In the D-DIN system, a valve-based droplet dispenser is used,
and does less damage to cells. Moreover, the nebulizer nozzle
tip is easily exchangeable, and the variety of sizes in the nozzle
tips can be chosen to t to the cellular size. The parameters of
sample introduction conditions—the nebulizer nozzle tip inner
diameter, back pressure, and magnetic valve opening time and
droplet introduction frequency—can be changed. The droplet
volume as a function of the parameters was described in our
previous paper.21 The volume and the diameter of the droplet
were calculated from the density of water (0.998 gmL�1 at 20 �C)
and the mean mass of a single droplet. The mean mass of a
single droplet was calculated from a mass of 1200 droplets. A
threshold pressure of 0.05 MPa was required for stable droplet
injection. Using this system, the droplet volume was changed
from 700 pL (110 mm) to 100 nL (580 mm). In the case of 700 pL
(110 mm), the droplet volume, nozzle tip inner diameter, back
pressure and valve time were set at 30 mm, 0.02 MPa and 0.5 ms.

The sample droplet should be introduced linearly into the
plasma. However, the trajectory of the droplet would be shied
considerably if its ejection speed is too low. Thus, the droplet
velocity as a function of back pressure at various valve open
times was evaluated (Fig. 3(a)). When the nozzle tip diameter
was 100 mm i.d., the droplet velocity increased from 0.55 to 14 m
s�1 with a corresponding increase in back pressure. On the
other hand, the droplet velocity was not altered by changing the
valve open time. Next, the droplet velocity as a function of back
pressure at various nozzle tip diameters was measured
(Fig. 3(b)). The valve open time was set at 0.5 ms. The droplet
velocity increased from 2.5 to 16 m s�1 with a corresponding
increase in back pressure. There were nomarked changes in the
nozzle tip diameter. Based on these results, it was concluded
that the velocity of droplets can be controlled by the back
pressure alone. The sample droplet velocity obtained using a
typical nebulizer system and DIHEN is 5.3 m s�1 and 30–40 m
s�1, respectively. Therefore, the D-DIN allowed samples to
remain in the plasma for a longer time. The velocity could be
increased by a carrier gas ow around the droplet.
Fig. 4 Emission profiles of the Ar atomic line (Ar I 425.11 nm), Hb line
(486.13 nm) and Ar excitation temperature with injection of droplets
generated from ultra-pure water. Emission intensities were observed
by side-on observation (RF power, 1000 W; droplet volume, 5.5 nL
(220 mm); droplet introduction frequency, 10 Hz).
Observation of emission proles from water droplets

In the D-DIN system, as discussed earlier, the droplet volume
was changed from 700 pL (110 mm) to 100 nL (580 mm) but the
droplet sizes are larger than those generated from the piezo-
based droplet dispenser. Thus, emission proles were
observed by introducing droplets generated from ultra-pure
water. For droplet conditions, the nozzle tip inner diameter,
back pressure and valve open time were set at 100 mm, 0.05
MPa and 0.5 ms, respectively, and the volume of the droplet
was 5.5 nL (220 mm). The droplet introduction frequency was
10 Hz. For plasma conditions, the RF power and Ar gas ow
were 1000 W and 14 L min�1, respectively. For the spectros-
copy experiment, the argon atomic line (Ar I 425.11 nm and Ar
I 426.62 nm) and Hb line (486.13 nm) were measured by side-
on observation. Fig. 4 shows the Ar atomic line (Ar I 425.11
1612 | J. Anal. At. Spectrom., 2015, 30, 1609–1616
nm), Hb line (486.13 nm) and Ar excitation temperature with
droplet injection. The excitation temperature of Ar was
calculated from the emission intensities of Ar I 425.11 nm and
This journal is © The Royal Society of Chemistry 2015
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426.62 nm.27 The droplets were injected at 0, 100, 200 and 300
ms. There was a xed time lag between the timing of sample
injection and detection of the Hb line. This delay was related to
the time the droplets required to reach the plasma and
become ionized aer sample injection. The Hb line was
increased at the same frequency of droplet injection. With an
increase of Hb line, Ar excitation temperature decreased
momentarily. This suggested that the population density of
the excited Ar atoms decreased due to the desolvation of a
droplet in the plasma. In addition, the excitation temperature
overshot the value achieved before droplet injection. This
effect might be due to the better heat conductivity caused by
hydrogen.28

Fig. 5 shows variation in the emission prole of the Hb line as
a function of RF power, valve open time and back pressure. In
Fig. 5(a), for droplet conditions, the nozzle tip diameter, back-
pressure and valve open time were 100 mm, 0.05 MPa and 0.5
ms, respectively, and the droplet volume was 5.5 nL (220 mm).
The emission intensities were measured by side-on observation.
When the RF power was 1000 W, the emission intensity almost
reached a plateau. In Fig. 5(b) and (c), the RF power was set at
1000 W. Emission intensities increased with increasing valve
open time and back pressure. The droplet volume at a valve
open time of 0.5, 2, 5 and 10 ms was 5.5, 12, 27 and 51 nL,
respectively, and the droplet volume at a back pressure of 0.04,
0.05, 0.07 and 0.10 MPa was 5.0, 5.5, 6.5 and 7.1 nL, respectively.
However, the emission intensity did not proportionally increase
with the droplet volume. This showed that the Hb line was not
completely excited due to the large droplet volume.
Fig. 5 Emission profiles of the Hb line (486.13 nm) as a function of (a)
RF power, (b) valve open time, and (c) back pressure with injection of
droplets generated from ultra-pure water. The RF power is 1000 W.
The droplets were injected basically under the following conditions:
nozzle tip diameter, 100 mm; back pressure, 0.05 MPa; valve open
time, 0.5 ms. Emission intensities were observed by side-on
observation.
Atomization of elements contained in droplets

To investigate the atomization of elements in droplets with
carrier gas ow, droplets containing Na standard solution were
introduced into plasma and measured by end-on observation.
To avoid the spacer mounted on ICP-torch melting, the RF
power was set at 700 W. For droplet conditions, the nozzle tip
inner diameter, back pressure and valve open time were 50 mm,
0.038 MPa and 2 ms, respectively, and the droplet volume was
4.7 nL (210 mm). A sample solution of 10 mg mL�1 Na standard
solution was used. Fig. 6 shows the emission prole of the
sodium atomic line (588.99 nm) and Hb line (486.13 nm) by end-
on observation, as a function of carrier gas ow rate (0–0.8 L
min�1). At 0.4 L min�1 of carrier gas ow, a better peak shape
was observed. The start of desolvation can be taken from the
rising of the Hb emission. Aer the Hb intensity achieved its
maximum, the sodium atomic line intensity increased. Atom-
ization of sodium started aer the end of desolvation, which
can be seen from the decrease of Hb emission intensity. The
duration for desolvation was then about 9 ms, and is relatively
long due to the large droplet volume compared to the sample
residence time in the plasma. To achieve effective analysis of
the droplet sample, we currently developed an injection gas
heating system29 based on the desolvation system as described
before.17,18 It is expected that the duration for desolvation would
be shorter by applying the injection gas heating system to the
D-DIN.
This journal is © The Royal Society of Chemistry 2015
Evaluation of analytical performances of the D-DIN-ICP-AES

Analytical performances of the D-DIN-ICP-AES, such as inten-
sity, precision and LODs, were investigated. For this experi-
ment, a fused-silica tip was used as a nebulizer nozzle tip. In the
case of a fused silica tube, it is possible to generate droplets
reproducibly due to the elaborate edge of the tip. The fused
silica tube was cut to 15 mm to generate smaller droplets. The
nozzle tip diameter, back pressure and valve open time were 30
mm (silica tip), 0.10 MPa and 2.0 ms, and the droplet volume
was 15 nL (300 mm). The RF power was 700 W. The carrier gas
ow rate was 0.4 L min�1, which was optimized in the previous
section. Fig. II (ESI†) shows the emission proles of Na I 588.99
nm, Mg II 280.27 nm and Sr II 407.77 nm, with 10 mg mL�1 Na,
J. Anal. At. Spectrom., 2015, 30, 1609–1616 | 1613
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Fig. 6 Variation in emission profiles of the Na atomic line (Na I 588.99
nm) and Hb line (486.13 nm) with a carrier gas flow of (a) 0 L min�1, (b)
0.4 L min�1, (c) 0.6 L min�1, and (d) 0.8 L min�1, with injection of
droplets generated from 10 mg mL�1 Na standard solution. Emission
intensities were observed by end-on observation (RF power, 700 W;
droplet volume, 4.7 nL (210 mm)).

Fig. 7 Emission profiles of (a) Na I 588.99 nm, (b) Mg II 280.27 nm, and
(c) Sr II 407.77 nm, with injection of a series of droplets generated from
10 mg mL�1 Na, Mg and Sr standard solution. Emission intensities were
observed by side-on observation (RF power, 700 W; carrier gas flow,
0.4 L min�1; droplet volume, 15 nL (300 mm); droplet introduction
frequency, 0.5 Hz).

JAAS Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ay
 2

01
5.

 D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
10

:1
3:

21
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Mg and Sr standard solution. Emission intensities were
measured by side-on observation. Emission signals increased
with the introduction of sample solution using the D-DIN. As it
took some seconds to stabilize the background signal aer
injection of a droplet, the peak widths of Na, Mg, and Sr at 80%
maximum of peak height were compared, and were found to be
13 ms, 11 ms and 10 ms.

To evaluate the stability of droplet introduction, under the
same conditions, the emission signal was measured at a
frequency of 0.5 Hz for 20 s. These results are shown in Fig. 7.
Droplets were injected at low frequencies in order to stabilize
the background signals arising from a droplet. The standard
deviation of Na, Mg and Sr was calculated at the peak height
and for the peak area. The standard deviation calculated for the
peak area was an improvement compared to that calculated for
the peak height, which can be related to the scattering of
droplets in plasma. Table 1 summarizes the detection limits
1614 | J. Anal. At. Spectrom., 2015, 30, 1609–1616
and the absolute detection limits for Na, Mg and Sr. The S/Nwas
calculated from the peak area. The detection limit is dened as
the concentration when the S/N is 3. The absolute detection
limit (pg) was calculated by multiplying the detection limit (mg
mL�1) with the droplet volume (nL). The detection limits of Na,
Mg and Sr were 20.3 pg (1.35 mg mL�1), 56.5 pg (3.77 mg mL�1)
and 20.6 pg (1.37 mg mL�1), respectively. For comparison,
detection limits in the ICP-AES equipped with a pneumatic
nebulizer30 are also listed in Table 1. The absolute detection
limit was calculated to be 500 pg, 30 pg and 30 pg for an uptake
rate and introduction time of 0.8 mL min�1 and 20 s, respec-
tively. When the D-DIN was used, the absolute detection limits
This journal is © The Royal Society of Chemistry 2015
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Table 1 Comparison of the relative and absolute limit of detection (LOD) between the D-DIN-ICP-AES and conventional ICP-AES. The relative
LOD calculated to be 3 times the S/N (n ¼ 10). Absolute LODs were calculated by multiplying the detection limit (mg mL�1) with the droplet
volume (pL) (10 mg mL�1 Na, Mg and Sr standard solution; droplet volume, 15 nL (300 mm); emission intensities were observed by side-on
observation)

Isotope

D-DIN-ICP-AES Conventional ICP-AES

LOD (mg mL�1) Absolute LOD (pg) Sample volume (nL) LOD30 (mg mL�1) Absolute LOD (pg) Sample volumea (mL)

Na 1.35 20.3 15 2 333 0.27
Mg 3.77 56.5 0.1 50
Sr 1.37 20.6 0.1 30

a Total amount of sample consumption during the measurement time (20 s).
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were almost at the same level when compared to a conventional
nebulizer.
Direct injection of yeast samples

For direct injection of yeast cells by a single droplet, a droplet
containing yeast cells was directly introduced into the plasma
using a D-DIN. 0.44 g of dry yeast sample (2.5 � 1010 cells per g)
was diluted with ultra-pure water, and the volume was adjusted
to 50mL (a dilution factor of 110). Yeast cell numbers in a single
droplet were estimated from both the droplet volume and yeast
cell numbers in the diluted yeast sample solution. In the case of
15 nL of droplet volume, yeast cell numbers in a single droplet
correspond approximately to 3300 yeast cells. These results are
shown in Fig. 8. The emission intensity of Na was measured in a
single droplet containing yeast cells. To estimate the quantity of
elements in a single droplet, digestion of the dry yeast sample
was carried out aer HNO3 and H2O2 were added. The digested
samples were analysed by ICP-MS. The concentration and
amount of Na in cells were 961 � 77 mg mL�1 and 37.9 � 3.0 fg,
respectively. The total amount of elements in a single yeast cell
was calculated by dividing the concentration of elements in a
single yeast cell by the yeast cell number/dry weight of yeast.
From these results, the concentration of Na in a droplet con-
taining 3300 yeast cells was calculated to be 8.4 mg mL�1 if it is
assumed that all of the cells are the same. Thus, in the case of a
Fig. 8 Emission intensities of Na I 588.99 nm from a single droplet
containing 3300 yeast cells. Emission intensities were observed by
side-on observation (RF power, 700 W; carrier gas flow, 0.4 L min�1;
droplet volume, 15 nL (300 mm)).

This journal is © The Royal Society of Chemistry 2015
15 nL-droplet volume, the absolute amount of Na corresponds
to 125 pg. With the single shot injection of sample droplets
containing yeast cells, a strong sodium emission was observed
with sufficient S/N. These results were almost comparable to the
signal intensity of these elements as measured by direct injec-
tion of yeast cells.

Conclusions

To enable the highly sensitive analysis of the cell suspension, we
developed a D-DIN system. The volume of the droplets was
controlled by the nozzle tip diameter and the applied back
pressure. Using this system, the droplet volume was changed
from 700 pL (110 mm) to 100 nL (580 mm). The droplet velocity
can be controlled from 0.55 to 16 m s�1 with a corresponding
increase in back pressure. For a single droplet with a 15 nL
volume, the absolute detection limits of Na, Mg and Sr were 20.3
pg, 56.5 pg and 20.6 pg, respectively. Furthermore, a droplet
containing yeast cells was directly introduced into the plasma.
With a single shot droplet that included about 3300 yeast cells, a
mass signal of Na was observed. However, its detection sensi-
tivity was not found to be sufficient for the detection of trace
elements (ppb level) in a single cell. To improve the detection
sensitivity, the solvent load should be reduced by desolvation.
Therefore, we currently developed an injection gas heating
system. The operation conditions according to the droplet size
would be optimized. Also we would apply the D-DIN system to
ICP-MS.
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