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ABSTRACT: A method called nanotip ambient ionization mass spectrometry
(NAIMS) is described, which applies high voltage between a tungsten nanotip and a
metal plate to generate a plasma in which ionized analytes on the surface of the metal
plate are directed to the inlet and analyzed by a mass spectrometer. The dependence of
signal intensity is investigated as a function of the tip-to-plate distance, the tip size, the
voltage applied at the tip, and the current. These parameters are separately optimized to
achieve sensitivity or high spatial resolution. A partially observable Markov decision
process is used to achieve a stabilized plasma as well as high ionization efficiency. As a
proof of concept, the NAIMS technique has been applied to phenanthrene and caffeine
samples for which the limits of detection were determined to be 0.14 fmol for I
phenanthrene and 4 amol for caffeine and to a printed caffeine pattern for which a spatial

resolution of 8 + 2 um, and the best resolution of 5 pm, was demonstrated. The

<

limitations of NAIMS are also discussed.

Mass spectrometry imaging (MSI) in ambient environ-

ment has been developed in recent years, which is
capable of performing MSI with little sample preparation.
Laser-based techniques like laser ablation electrospray ioniza-
tion (LAESI) MS can reach a resolution of 10—100 ym,"” but
suffer from the difficulty in manipulating the laser instruments.
Spray-based methods like desorption electrospray ionization
(DESI) mass spectrometry can achieve a resolution around 100
um,” > which has limitations on fine structure imaging or single
cell analysis. Nano-DESI can provide approximately 12 pm
resolution,”"* but the problems of low sensitivity and time
needed to arrange the capillaries limits its application. A
combined atomic force microscopy/mass spectrometry plat-
form developed by Van Berkel and co-workers utilizing two
separate stages of thermal desorption followed by atmospheric-
pressure chemical ionization (APCI) ionization for mass
spectrometric imaging, achieved a resolution between 1.5 and
2.6 pum.”'’ However, this approach still suffers from the
problem of requiring a complicated and expensive instrumental
setup.

Nanotip ambient ionization mass spectrometry (NAIMS) is
designed to achieve both high resolution and simple operation
in MSL In NAIMS, a high voltage was applied between a
tungsten nanotip and a metal plate causing a plasma to be
generated which partially ionizes the sample. The resulting ions
are drawn into a mass spectrometer for analysis (Figure 1). As a
proof of concept, NAIMS was used to analyze samples of
caffeine and the polycyclic aromatic hydrocarbon (PAH)
phenanthrene. Caffeine patterns and cell samples were used
to demonstrate the imaging capabilities.

The closest ambient ionization techniques that appear similar
to NAIMS is the work of Zhang and co-workers."' ~"> They use
a low-temperature plasma probe in which a discharge is struck
in helium gas and the plasma is directed to a surface, which
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Figure 1. Schematic diagram of the principle of the nanotip ambient
ionization mass spectrometry (NAIMS) method.

need not be conductive. The resolution achieved is
approximately 250 ym. This plasma-based ionization technique
typically utilizes the stream of the excited atoms or molecules,
such as N,, Ne, or He, to desorb and ionize analytes. The
spatial resolution, which is determined by the diameter of the
ion stream, was shown to be as small as 100 or 200 microns.
The sensitivity appears not to be stated, but seems to be similar
to that of rapid direct analysis in real time (DART) in which
Fernandez and co-workers'* reported a sensitivity of 50 fmol
for farnesol. Jonathan and co-workers" reported a limit of
detection (LoD) of 150 fmol for the PAH benzo(e)pyrene.
Another similar plasma-based ambient ionization method is
dielectric barrier discharge ionization (DBDI) developed by
Zhang and co-workers.'”'*'® NAIMS is different from other
plasma-based ionization methods such as DART'' and

Received: March 28, 2016
Accepted: April 18, 2016
Published: April 18, 2016

DOI: 10.1021/acs.analchem.6b01212
Anal. Chem. 2016, 88, 5542—5548


pubs.acs.org/ac
http://dx.doi.org/10.1021/acs.analchem.6b01212

Analytical Chemistry

1.0 195.09
~ M+H]* (a)
3
S 0.8
)
Q
8 0.6
S 061
°
c
>
Qo 0.4
©
0
f; 0.2
@ Y4
E‘ 196.09
0.0 Loay (! . L L r \
100 150 200 250 300
m/z
178.08
1.01 My (C)
= 211.08
s 081 [M+O_HI'
9 135(.:0}47‘
8 o064 McH |
= 195.08
o [M+OH]"
_§ 0.4-
a 2270
o [M+O,H]
é; 0.24
«
0]
X o0 . L. : .
100 150 200 250 300 350
m/z
32.92
1.0 e
[HO,] ( )
- 64.92
>
\(E; 0.8 [HO“]
8 0.64
©
o
§ 0.4- 50.92
© [H,0,]
o
:é 0.2
¢ |
)
ool bl ML b Mo
30 40 50 60 70 80 90 100
m/z

1.0- 166.09
[M+H]" (b)
=]
s 08
@
o
O 061
c
]
E
S5 044
2
©
o
2 021
©
o)
@ o0
50 100 150 200 250 300
m/z
178.08
1.0 .
i (d)
=]
s 08
@
o
O 06
c
5]
2
S 0.4
2
©
) 195.08
= 021 [M+OH]
o
Y —,..—h.LAI-JMMm
X 00
100 150 200 250 300
m/z

Figure 2. Mass spectrum of (a) caffeine in air, (b) phenylalanine in air, (c) phenanthrene in air, (d) phenanthrene in argon, and (e) plasma gas
without any sample. The experimental conditions are U =1 kV, R =1 M, and d = 50 pm, in which U denotes the voltage applied on the nanotip, R
denotes the resistor in the circuit, and d denotes the distance between the nanotip and plate. The concentrations of the solutions are (a) caffeine: 1
mg/mL, (b) phenylalanine: 10 mg/mL, (c) phenanthrene: 1 mg/mL, and (d) phenanthrene: 1 mg/mL. The absolute ion intensities are (a) caffeine:
2.4 % 10% (b) phenylalanine: 8.99 X 10, (c) phenanthrene: 1.35 X 107, (d) phenanthrene: 8.94 x 10°, and (e) plasma gas without any sample: 3.3 X

103,

dielectric barrier discharge ionization (DBDI).'"”'*'® First,

NAIMS can generate plasma from ambient air molecules
without a supply of carrier or discharge gas such as helium or
argon. This fact makes NAIMS more appropriate for a portable
ionization method because of its simple setup. NAIMS also
employs no dielectric barrier and its tip is solid, not hollow.
Second, a higher spatial resolution could be achieved because
plasma is confined only at the solid tip and metal plate within a
size of a few microns, whereas plasma generated from a
discharge gas tends to spread over 100 microns. Third, the hard
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ionization mechanism of NAIMS allows the ionization of
molecular species such as polyaromatic hydrocarbons, which is
difficult to be ionized by soft ionization methods. Compared
with APCI, NAIMS shares a similar mechanism but enables MS
imaging by generating confined plasma on a metal plate.
NAIMS requires only one step for both desorption and
ionization by inducing plasma at the nanoscale metal tip. This
makes the NAMS setup much simpler than other plasma-based
mass spectrometry techniques, because NAIMS does not
require a separate ionization step or a stream of excited gas
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Figure 3. Dependence of signal intensity on (a) the tip-to-plate distance, (b) the voltage applied between the tip and plate, (c) the current in the
system, and (d) the plasma stability. Error bars represent one standard deviation from triple measurements. The experiment conditions are (a) U = 1
kV,R=1MQ, d=10—110 um; (b) R=1 M, d = 50 um, U = 500—1000 V; (c) U=1kV,d =50 um, I = 1-10 mA; (d) U=1kV,R=1MQ, d =
10—110 pm, in which U denotes the voltage applied on the nanotip, R denotes the resistor in the circuit, I denotes the current in the circuit, and d

denotes the distance between the nanotip and plate.

atoms or molecules. Both high sensitivity and good spatial
resolution were achieved by NAIMS. These superior character-
istics and also some limitations as to its applicability will be
presented.

B EXPERIMENTAL METHOD

Chemicals, Materials, and Instrumentation. All chem-
icals were purchased as MS grade from Sigma-Aldrich (St.
Louis, MO) unless stated otherwise. The tungsten nanotip
whose part numbers were ST-20—0.5, ST-20—5.0, and ST-20—
10.0 was purchased from GGB Industries, Inc. (Naples, FL),
the sizes of which are 0.5, 5.0, and 10 ym. Mass spectra were
obtained using an LTQ Orbitrap XL Hybrid Ion Trap-Orbitrap
Mass Spectrometer from Thermo Fisher Scientific Inc.
(Waltham, MA). Motorized micropositioners of MMP-3 from
Mad City Laboratories Inc. (Madison, WI) was used for mass
spectrometry imaging. NI DAQ_9201 analog current input, NI
DAQ 9263 analog voltage output, with NI cDAQ 9184 chassis
were used to measure the current in the system and generate
the voltage signal through the contact closure of the mass
spectrometer.

Sample Preparation. A caffeine sample was dissolved in
methanol—water (50:50% v—v). A total of 20 uL of caffeine
solution was deposited on the copper plate and dried. A
phenylalanine sample was dissolved in methanol—water
(50:50% v—v). A total of 20 uL of phenylalanine solution
was deposited on the copper plate and dried. A phenanthrene
sample was dissolved in toluene. A 20 uL aliquot of

phenanthrene solution was deposited on the copper plate and
dried. The caffeine pattern was prepared by polydimethylsilox-
ane (PDMS) microcontact printing. Caffeine was dissolved in
methanol—water (50:50% v—v). A total of 10 uL of 1 mg/mL
Rhodamine B methanol solution was added to S mL of caffeine
solution for a visual inspection of scanning area. The solution
was transferred to the PDMS stamp and the pattern was made
by PDMS stamp microcontact printing. Frozen mice brain
tissue from 8 week old CS7BL/6J mice was purchased from
Jackson Research Laboratories (Bar Harbor, ME). The tissue
was cryosectioned at 25 pum thickness with a Microm 550 M
Cryostat microtome. The sliced mice brain tissue was mounted
on a copper plate and dried for about 10 min in a vacuum
desiccator prior to imaging.

Nanotip lonization. The nanotip—plate system was
connected to the high voltage supply. A 1 kV voltage was
applied between the nanotip and the plate. A 1 M resistor was
connected in the circuit. The distance between the nanotip and
the plate was adjusted to 20 ym to generate plasma. A custom-
designed acrylic chamber was installed in front of the mass
spectrometer for replacing air with argon gas, when needed.

NAIMS Imaging. The sample was fixed onto the MMP-3
xyz motorized stage, which was controlled by custom-designed
software. For caffeine pattern imaging, the scan was pointwise
and the distance between each point was S ym. The protocol
(policy) generated by a partially observable Markov decision
process (POMDP) was used to maintain a constant distance
when scanning. A 600 V voltage was applied between the
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nanotip and the plate. A 1 MQ resistor was connected in the
circuit. The distance between the nanotip and plate was
maintained at 1S um to generate the plasma. The raw MS files
were converted to an MS image using custom-designed
software. The detected mass peaks were searched in the
METLIN database'” created at the Scripps Research Institute
for their identification.

B RESULTS AND DISCUSSION

Mechanism of NAIMS. The ionization patterns of caffeine,
phenylalanine, and phenanthrene under NAIMS were studied.
In the mass spectra of caffeine and phenylalanine, the major
peak in each case was the [M + H]* peak (Figure 2a,b). In the
mass spectrum of phenanthrene (Figure 2c), the molecular ion
peak [M]* was dominant, whereas the peaks of [M + OH]*, [M
+ O,H]*, and [M + O;H]" were also found, indicating
oxidation of phenanthrene by the plasma occurred. The [M —
CH]* peak demonstrates that phenanthrene could go through
rearrangement and lose a carbon under the NAIMS condition.
The oxidation and fragmentation by NAIMS were suppressed
by operating NAIMS in an argon atmosphere, as shown in
Figure 2d. Figure 2e shows the mass spectrum of plasma gas
without any sample, in which the [HO,]*, [HO,]*, and
[H;05]* peaks are dominant. These four mass spectra suggest
that the possible mechanism of NAIMS could be separated into
two stages: in the first stage, the high voltage tip ionizes the
surrounding gas molecules such as oxygen or nitrogen in the
air, or argon in the case that the air was replaced by argon,
generating plasma; in the second stage, the ionized species
further interact with the sample on the conducting plate,
generating ionized molecules, which are drawn into the mass
spectrometer.

Sensitivity Optimization. There are several parameters
that affect the ion signal intensity. The effects of tip-to-plate
distance, nanotip size, voltage, and current were studied to
achieve better sensitivity. Ion signals acquired from caffeine
deposited on copper metal plate was used for characterization
and optimization of the NAIMS. There was an optimal tip-to-
plate distance that can generate the largest signal intensity
(Figure 3a). Smaller distances generated smaller plasma with
reduced desorption size, making the amount of sample
desorbed from surface smaller and having less signal intensity.
On the other hand, the plasma became unstable at a distance
larger than the optimal one, resulting in lower signal intensities.
This distance dependence of the signal intensity is more
significant for larger tip sizes. Figure 3b shows the relationship
between ion intensity of caffeine with voltage applied to the tip.
Increasing the voltage increases the signal intensity because
higher voltage generates larger plasma and larger desorption
size. In addition, as the potential at the tip is increased, the
ionization efficiency also increases. Both of the two effects of
larger desorption size and higher ionization efficiency will
improve the signal intensity. The ion intensity drop for the 0.5
um tip at voltage of 1000 V might come from thermal damage
of the tip. A smaller tip size is more prone to thermal damage
from hot plasma than a larger one. Voltage values higher than 1
kV resulted in thermal damage of the nanotip, which became
pronounced for voltages in excess of S kV. Therefore, a voltage
up to 1 kV was used in the present experiment. Current has a
similar effect as voltage (Figure 3c). A higher current will lead
to more electrons being emitted from the nanotip; therefore,
higher energy in the plasma, resulting in increased desorption/
ionization efficiency. Similar to the voltage, current values
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higher than 10 mA led to thermal damage to the tip. The tip
underwent thermal damage after 10 h of use even if the voltage
and current were kept under limit; see Figure S1 for an
example. Figure 3d shows that the plasma stability, which can
be represented by the standard deviation of current, has a
significant effect on the signal intensity. When the distance
between the nanotip and metal plate is away from the optimal
value, the plasma is unstable and the signal intensity is low.
Therefore, stable plasma operating conditions are essential for
strong signal strength.

Resolution Optimization. In order to apply NAIMS
technique to mass spectrometric imaging, spatial resolution was
optimized by scanning over a Rhodamine B dye colored area
and measuring the width of the line under an optical
microscope. Figure 4 illustrates that the smaller-sized tip has
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Figure 4. (a) Desorption pattern of NAIMS at a voltage of 500 V, tip-
to-plate distance of 10 ym, with 0.5 ym sized tip. The line shows the
desorption of dye when scanning over a rhodamine-colored area. The
desorption size was determined by measuring the width of the line
under an optical microscope. (b) Dependence of desorption size on
voltage, distance, and nanotip size. The resistor was maintained at 1
MQ for the experiments. Error bars represent one standard deviation
from triple measurements.

a smaller desorption size, as smaller-sized tips will create smaller
plasma, thus, ionizing smaller areas. Lower voltage will lead to
smaller plasma generated, decreasing the desorption size.
Shorter distance between the nanotip and plate will make a
smaller-sized plasma and, thus, a smaller desorption size.
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Figure 5. (a) Optical image of caffeine pattern. (b) MS image of caffeine at m/z 195.08 by NAIMS, with the resolution of 10 ym. The voltage of 600
V, distance of 20 ym, resistor of 1 M2 was used. (c) Plot of ion intensity across the white-dotted line in b. (d) Optical image of mouse brain tissue,
which was taken after NAIMS imaging. (e) MS image of mice brain tissue at m/z 119.034S in negative mode, which could be threose or erythrose,
with a resolution of 100 ym. (f) MS image of mice brain tissue at m/z 124.9836 in negative mode, which could be acetaldehyde, with a resolution of

100 pm.

Distance Control. As illustrated in Figure 3d, it is required
that a constant distance between the tip and the plate be
maintained to keep a stable plasma as well as stable mass
spectrometric signal intensities when scanning over the sample.
The simple feedback control system cannot be used because it
cannot prevent the tip from touching the surface of the plate,
which will damage the tip. A 9partially observable Markov
decision process (POMDP)lg’1 was used to generate a
protocol to maintain a constant distance. The optimal protocol
can be achieved by solving the optimization problem defined in
eqs 1 and 2, in which s € § is the set of states, that is, the
distances between the tip and the plate, a € A is the set of
actions, that is, moving the tip up or down, b (s) denotes the
probability that the system is in state s, by, is the initial state. R: S
X A = R is the reward function, E(r) is the expectation value,
V is the final reward, and # is the policy, which tells us what
action to take (tip going up or going down) at a specific
distance.

7* = arg max V" (b) (1)
V'(b) = Z r'r(b, a,)
t=0
= Z }’tE[R(St; at)lbo’ 7]
e (2)

This optimization problem was solved by a grid-based
algorithm.”® The idea of POMDP is, by setting the desired
distance, a positive reward, and the distance when tip touches
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the plate, a large negative reward, the generated optimal policy
could prevent tip from reaching the state that has a large
probability of touching the surface, while the tip was moving
toward the optimal distance. The policy was used to control the
nanotip to keep a constant and stable current; therefore, the
stability of the plasma was maintained without having the tip
crashing into the plate.

Spatial Resolution. NAIMS imaging was demonstrated
using caffeine patterns, with the use of partially observable
Markov decision process algorithm. A distance of 15-20 ym
was chosen to achieve better spatial resolution, while
compromising the sensitivity. The optical image was shown
in Figure 5a. The NAIMS image obtained by raster scanning
over the surface was shown in Figure 5b. The resolution was
measured to be 8 + 2 ym by determinin% the distance required
for a signal peak rising from 20 to 80% "** (Figure Sc), with
the best resolution of 5 um. This proved that, NAIMS is
capable of generating high spatial resolution image over a
sample surface. The MS image of caffeine shows scattered
points; this might come from the low sensitivity issue because
of smaller desorption size, Figure Se,f shows the MS image of
the sliced mice brain tissue at different peaks, with the
resolution of 100 ym. The m/z peaks at 119.0345 and 124.9836
were tentatively identified to be threose or erythrose and
acetaldehyde, repectively, according to METLIN. A further
identification of the detected speceis was not carrried out due
to their low signal intensities and unstable signal strengths.

Limit of Detection. The limit of detection of NAIMS was
investigated using phenanthrene and caffeine. LoD of 1 fmol
was obtained for phenanthrene by laser ionization.”> NAIMS,

DOI: 10.1021/acs.analchem.6b01212
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however, provide a harder ionization technology which is
capable of achieving an eflicient ionization of phenanthrene.
With the optimization of capillary temperature, which affects
the ion transmittance efficiency (Figure S2), and using ion
reflector (Figure S3), the calibration curve of m/z 178.08 which
was obtained by NAIMS was shown in Figure 6b. The

(a) Caffeine

~ 4.81

>

W

[@)]

o

> 42

(2]

e

Q2

£

S 361

[@)]

o

_I T T T

6 -3 0

Log concentration (log(mg/mL))

—~ 344 (@) Phenanthrene

3

& 321

4

= 3.0

2

@ 2.8

[ e

2

c 2.6+

c

Q9 24

e

O 2.2
T T T T T T
-5 -4 3 -2 -1 0

Log concentration (log(mg/mL))

Figure 6. Calibration curves of (a) caffeine and (b) phenanthrene
plotted in log ion intensity against log concentration. The fitted
function for caffeine is y = 0.12x + 4.38, R* = 0.999. The LoD was
determined to be 4 amol. The fitted function for phenanthere was y =
0.0226x + 3.35, R* = 0.97. The experimental conditions are tip size was
10 pm, voltage applied on the tip was 1 kV, distance between the tip
and plate was 50 pm, resistor in the circuit was 1 MQ at the capillary
temperature of 400 °C with ion reflector. Error bars represent one
standard deviation from triple measurements.

installation of the ion reflector enhanced ion intensity by a
factor of 8 compared the NAIMS setup without the reflector.
LoD was calculated to be 0.14 fmol according to eq 3, in which
SD is the standard deviation of the blank sample.”* The LoD by
NAIMS is 8X higher than the laser ionization technique for
phenanthrene.

LoD = f, . (meany,, + 3SD) 3)

The LoD for caffeine was measured in a similar manner, and
it was determined to be 4 amol (Figure 6a). This low LoD
demonstrates that NAIMS is a sensitive analytical method for
some analytes.

B CONCLUSION

In conclusion, NAIMS achieved a high resolution as well as
simple ionization technique by applying voltage between a
nanotip and a conducting plate to generate plasma. The
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dependence of sensitivity and resolution of the NAIMS on the
parameters of voltage, current, tip-to-plate distance, and tip size
was studied, providing a guidance for better instrument design.
A POMDP model was formulated to generate a policy for
maintaining a constant distance, offering a more accurate and
more robust control system than feedback control. To illustrate
the NAIMS technique, the LoD was determined to be 0.14
fmol for phennathrene and 4 amol for caffeine, demonstrating
the high ionization efficiency of this technique. Furthermore,
NAIMS imaging was performed on caffeine patterns, with a
best resolution of 5 ym, illustrating the availability of NAIMS
for high spatial resolution MS imaging. Most experiments were
performed in air and in some cases analyte oxidation and
fragmentation were found to be pronounced. Oxidation could
be avoided by enclosing the sample in argon, which also has the
effect of reducing fragmentation. For high-resolution imaging,
the sensitivity of NAIMS may not always be sufficient because
of the smallness of the desorption size. Nevertheless, where
NAIMS can be applied, this new ambient ionization technique
does appear to offer advantages.
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