US 20160240361A1
ao) United States

12) Patent Application Publication (o) Pub. No.: US 2016/0240361 A1

Takats 43) Pub. Date: Aug, 18,2016
(54) SYSTEM AND METHOD FOR RAPID Publication Classification
EVAPORATIVE IONIZATION OF LIQUID 51) Int.Cl
PHASE SAMPLES HO1J 49/16 (2006.01)
AGIB 5/20 2006.01
(71)  Applicant: MICROMASS UK LIMITED, 01T 19/04 E2006.01g
Wilmslow (GB) AG1B 5/00 (2006.01)
HO1J 49/00 (2006.01)
(72) Inventor: Zoltan Takats, Budapest (HU) GOIN 27/62 (2006.01)
(52) US.CL
. CPC v HOLJ 49/16 (2013.01), HOLJ 49/0031
(21)  Appl. No.: 15/050,254 (2013.01); GOIN 27/622 (2013.01); HOLJ

49/0431 (2013.01); A61B 5/4845 (2013.01);
A6IB 5/20 (2013.01); A61B 5/4866 (2013.01)

(7) ABSTRACT

According to some embodiments, systems and methods for
Related U.S. Application Data rapid evaporation of liquid phase samples are provided. The
(63) Continuation of application No. 14/368.796, filed on method includes directing liquid samples to a thermal evapo-
. L . ration ionizing device, thermally evaporating the liquid
Jun. 25, 2014, now Pat. No. 9,281,174, filed as appli- ’

cation No. PCT/IB12/03009 on Dec. 28. 2012 samples to create gaseous molecular ions, and directing the
’ e ’ gaseous molecular ions to an ion analyzer to analyze and

(60) Provisional application No. 61/580,723, filed on Dec. provide information regarding the chemical composition of
28, 2011. the liquid samples.

(22) Filed:  Feb.22,2016

700

770

/
% 140 150
:E] ' ——

& O ¥ oo 170

720



Patent Application Publication  Aug. 18,2016 Sheet 1 of 11 US 2016/0240361 A1

700

170

O Ty

(U(

720

FIG. 1



Patent Application Publication  Aug. 18,2016 Sheet 2 of 11 US 2016/0240361 A1

200

FIG. 2A /

4_/ 130"

218
210~ @
+ ]
R(_/
v R

272

220



Patent Application Publication  Aug. 18,2016 Sheet 3 of 11 US 2016/0240361 A1

FIG. 2B

770"

222

207



Patent Application Publication  Aug. 18,2016 Sheet4 of 11 US 2016/0240361 A1

20z

FIG. 2C /

220



Patent Application Publication  Aug. 18,2016 Sheet 5 of 11 US 2016/0240361 A1

Joo

760" 370

170

000 o000

J20
J30



US 2016/0240361 A1

Patent Application Publication  Aug. 18,2016 Sheet 6 of 11

$ U\R\ iis os# \ 1434




Patent Application Publication  Aug. 18,2016 Sheet 7 of 11 US 2016/0240361 A1
500
570 520 530
GUIDE LIQUID THERMALLY DIRECT
SAMPLETO |—» EVAPORATE |—>» SAMPLETO
IONIZER SAMPLE ANALYZER

FIG. 5




Josn oL

pasSsa20.d Ble(q MEY | » DOAOALOD SYNSSN

069 s69

US 2016/0240361 A1

Jossaoold eleq

pe)os||0) (Mmey) ejeq pezAleuy/peay

o009

— 0] JUSg BIEQ MBY <« D E—
m Adoosonoads sse Adoosounoadg ssepn o|dweg o)elg seo
% 089~ sv9 - or9
=
72
= a2IAa(] uonelodea] 0) o1els >Qwﬂ_uww\wﬂuwmummmwm§
1 - : —»| se9 o] pinbrqwoly —»
o
s peAanuon si ejdweg POUBALOS S| ojdwes m._._n“v_w_._ m_umm.MM“amM_@
-
. 7 /
20 org 7i%4 099 —
<
.m aaIAne(q Ag 291A9(q olU| pinbi Jasn Ag
m paledsald s| s|dwes m o|dweg sypolu] Jesn m patedald si sjdwesg
=
=z o9~ oz9 -~ 0/9
g
~N— .
g S 9 OlA
B
-
=
&
=
A



US 2016/0240361 A1

Z/w
009 00S 00¥ 00€ 002 00l
[ Y NP1 PP PP U PURY R PR BT Y FETE P PUTE NS FET I PO P P Y “._..._. h._._..._...._...._..... 0
GESE'GEQ 6621°2ZVS €6.L'9.% ¥8V0°'66€ _ | LA L _ ﬂ{i __ J F'T"E
=
= . v621°59Z 196686 £ 0
= = v}
2 6v80vEz | Eov <
= [STATIR AN - 5
1) ; =09 o
o 8G11°GZE SR
— =0, 8
e =
< oLs E 08
QN\\ =06
G920°061 —00t

[00°000L-00°0SIsw |Ind ISNd + SN1H ‘L
23427} 7IN 6S ‘AV G8°L-20°L ‘1M 0€L-¢# | |owejsoeled /

L Old

Patent Application Publication



US 2016/0240361 A1

Aug. 18,2016 Sheet 10 of 11

Patent Application Publication

Z/w
oﬁ_:n omm 00¢
L 1

! I
6651 €8Ezzocoe V9LV E6C
L6v2T8Z

1t 1 1 Lo 1 v a1 1 111 1 11 |
T I I | 0

L1L60°0LL
€280°GEL[8856'94

6€06'9¢1
1926°C6

oL
oc
o€
oY
0S
09
0L
08
06
¥.00°G. —00t

[00°009-000Z] swngd ISNd-{L1} SWL1d L
932G°L 1IN 87 AV 86°0-2€°0 1M 0/-€c# 9.€1.0934L L

Vs OId

9ce0’sle

€€eC'as¢e

2ouBpUNQY 2AIR|9Y

7743 .
L€C0'68




US 2016/0240361 A1

z/w
00t 0se 00§ 0se 002 oSl 001
[ [ T N TN O T T TR O | I I [ (N T O AN [ O O 0
gesless ! goedzze \ /. L
: . GzZL'LS .
£22£°65¢ A SL0Z L2866, SECF LSb 26,0751 | oL
= 92€0°'S1 0z
o
2 06VZ°182 e @
S eeeeaae /8E0°E0L o
= oz or =
© 0s &
S £
~ 09 o
o 3
M.s 0L 8
z 08
o1& 06
00l

€006,
[00°009-00°0Z]l swndISNd-{11} SNLd L
93¢8°L - IN 09 AV 96°0-€1°0: 1LY 69-0L# S00HLOTNrLL

q8 Old

Patent Application Publication



US 2016/0240361 Al

SYSTEM AND METHOD FOR RAPID
EVAPORATIVE IONIZATION OF LIQUID
PHASE SAMPLES

INCORPORATION BY REFERENCE TO ANY
PRIORITY APPLICATIONS

[0001] Any and all applications for which a foreign or
domestic priority claim is identified in the Application Data
Sheet as filed with the present application are hereby incor-
porated by reference under 37 CFR 1.57.

BACKGROUND

[0002] 1.Field

[0003] The present invention relates to devices, systems
and methods for quantifying, analyzing and/or identifying
chemical species. More specifically, the present invention
relates to devices, systems and methods for analyzing chemi-
cal species through mass spectrometry or ion mobility spec-
trometry.

[0004] 2. Description of the Related Art

[0005] Components of liquid samples are traditionally con-
verted to gaseous ions by either a single step process or a
two-step process. Representative examples of a single step
system include both desorption ionization and spray ioniza-
tion methods. Briefly, spray ionization entails a continuous
flow of sample which is nebulized by either electrostatic
nebulization or pneumatic nebulization (or alternatively, a
combination of both electrostatic and pneumatic nebuliza-
tion). The resulting electrically charged droplets are con-
verted to gaseous ions through solvent evaporation. A repre-
sentative example of a two-step process is conventional
evaporation (i.e., thermodynamically controlled, slow evapo-
ration) followed by gas-phase ionization. Gas-phase ioniza-
tion is a necessary part of the two-step process because con-
ventional evaporation does not result in the generation of
gaseous molecular ions because it is simply too slow. Each of
these methods has inherent limitations and/or disadvantages.
Conventional evaporation followed by gas-phase ionization
has the obvious disadvantage that not all potential analyte
molecules can be evaporated: many species of analyte mol-
ecules (with a special emphasis on biomolecules) cannot be
transferred to a gas phase without subsequent decomposition.
Desorption ionization usually requires the drying of liquid
samples and therefore cannot be directly used for real-time
analysis of continuous sample flow. Spray ionization is cut-
rently the most viable method of converting liquid samples
into gaseous ions. However, even this method suffers from
several limitations, including: its inability to effectively con-
vert fluid samples containing solid, floating material; its
inability toaccept a wide array of sample liquid viscosities; its
inability to accept high concentrations of organic or inorganic
salts in fluid samples (such as phosphate buffers or sodium
chloride); and lastly its inability to effectively deal with high
chemical complexity fluid samples.

[0006] Accordingly, there is a need for improved devices,
systems and methods for converting liquid samples into gas-
eous ions.

SUMMARY

[0007] In accordance with one embodiment, a method for
analyzing liquid phase samples is provided. The method com-
prises guiding a liquid sample to an ionizing device and
thermally evaporating the liquid sample with the ionizing
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device at a rate sufficient to convert one or more molecular
components of the liquid sample to one or more gaseous ions
and neutral particles.

[0008] In accordance with another embodiment, a system
for analyzing liquid phase samples is provided. The system
comprises a conduit configured to guide a liquid sample
therethrough. The system further comprises a thermal evapo-
ration ionizing device configured to receive the liquid sample
from the conduit, the ionizing device configured to thermally
evaporate the liquid sample at a rate sufficient to convert one
or more molecular components of the liquid sample into one
or more gaseous ions and neutral particles. The system further
comprises a transport device configured to receive the one or
more gaseous lons from the ionizing device.

[0009] In accordance with another embodiment, a system
for analyzing liquid phase samples is provided. The system
comprises a microtiter plate comprising a one or more
microwells configured to receive a liquid sample therein. The
system further comprises a thermal evaporation ionizing
device comprising a pair of electrodes defining a gap therebe-
tween, at least a portion of the electrodes configured to be
submerged in the liquid sample and configured to thermally
evaporate the liquid sample at a rate sufficient to convert one
or more molecular components of the liquid sample into one
or more gaseous ions and neutral particles. The system further
comprises a conduit configured to receive the one or more
gaseous ions from the ionizing device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 11s a schematic view of one embodiment of a
system for converting a liquid phase sample into gaseous ions
and for analyzing the gaseous ions.

[0011] FIG. 2A is a schematic view of one embodiment of
an ionizing device system for converting a liquid phase
sample into gaseous ions.

[0012] FIG. 2B is a schematic view of another embodiment
of an ionizing device system for converting a liquid phase
sample into gaseous ions.

[0013] FIG. 2C is a schematic view of still another embodi-
ment of an ionizing device system for converting a liquid
phase sample into gaseous ions.

[0014] FIG. 3 is a schematic view of another embodiment
of a system for converting a liquid phase sample into gaseous
ions and for analyzing the gaseous ions.

[0015] FIG. 4 is a schematic view of still another embodi-
ment of a system for converting a liquid phase sample into
gaseous ions and for analyzing the gaseous ions.

[0016] FIG. 5 is a flow chart of one embodiment of a
method for converting a liquid phase sample into gaseous
ions and for analyzing the gaseous ions.

[0017] FIG. 6 is a flow chart of another embodiment of a
method for converting a liquid phase sample into gaseous
ions and for analyzing the gaseous ions.

[0018] FIG. 7 is a graph of a spectrum for a liquid sample
produced using the system of FIG. 4.

[0019] FIGS. 8A and 8B are spectra from separate urinaly-
ses produced using the system of FIG. 4.

DETAILED DESCRIPTION

[0020] FIG. 1 illustrates one embodiment of a system for
liquid rapid evaporative ionization mass spectrometry (liquid
REIMS) 100. The first embodiment of a system for liquid
REIMS 100 can include a sample preparation device, a liquid
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pump that supplies carrier liquid 110, an injector device 120,
a liquid transfer system 130, a chromatographic column 140,
a thermal evaporation ionizing device 150, a post ionization
device 160, an ion analyzer device 170, and a data analysis
device 180. In another embodiment, the liquid REIMS sys-
tem 100 can exclude the post ionization device 160. In still
another embodiment, the system 100 can exclude the sample
preparation device, liquid pump that supplies carrier liquid
110, injector device 120, chromatographic column 140, or
post ionization device 160.

[0021] With continued reference to FIG. 1, the liquid pump
that supplies carrier liquid 110 is in fluid communication with
the injector device 120 and the chromatographic column 140
through the liquid transfer system 130. In other words, the
liquid transfer system 130 connects the liquid pump that
supplies carrier liquid 110, the injector device 120, and the
chromatographic column 140, placing all three devices in
fluid communication. The liquid transfer system 130 (e.g.,
conduit) can terminate approximately at an inlet of the ther-
mal evaporation ionizing device 150 and can deposit any fluid
which may be pumped through it into the thermal evaporation
ionizing device 150. The post ionization device 160 is placed
between the thermal evaporation ionizing device 150 and the
ion analyzer device 170. The ion analyzer device 170 and data
analysis device 180 can be in data communication (e.g., wired
or wireless communication such as radiofrequency commu-
nication).

[0022] Inoperation, ausermay inserta fluid sample into the
sample preparation device. The liquid sample, once prepared
in the sample preparation device, can then be introduced via
the injector device 120, and be subsequently combined with
carrier fluid introduced via the liquid pump that supplies
carrier liquid 110 through the liquid transfer system 130 (e.g.,
conduit). The injector device 120 injects the fluid sample and
carrier liquid into the chromatographic column 140 via the
liquid transfer system 130. The chromatographic column 140
emits the fluid sample in a time-resolved manner through the
liquid transfer system 130. The liquid transfer system 130
then takes the fully prepared fluid sample to the thermal
evaporation ionizing device 150 where the liquid transfer
system 130 terminates, allowing the fully prepared fluid
sample to exit the liquid transfer system 130 and enter the
thermal evaporation ionizing device 150. The thermal evapo-
ration ionizing device 150 converts the fully prepared fluid
sample into a gaseous state (e.g., produces a fully prepared
gaseous sample). The fully prepared gaseous sample may
contain some charged particles and some neutral particles. In
one embodiment, the fully prepared gaseous sample can then
passes through the post ionization device 160 to reach the ion
analyzer device 170 where it is analyzed. The data generated
by the ion analyzer device 170 during the analysis of the fully
prepared gaseous sample is then analyzed by the data analysis
device 180.

[0023] Insomeembodiments, the liquid pump that supplies
carrier liquid 110 can establish liquid flow for the transfer of
the fluid sample through the portion of the liquid REIMS
systems 100 upstream of the thermal evaporation ionizing
device 150. In some embodiments, the liquid pump that sup-
plies carrier liquid 110 provides constant flow of a carrier
fluid during operation of the liquid REIMS system 100. In
these embodiments, a liquid sample may be introduced into
the system at the injector device 120 into the constant flow
provided by the liquid pump that supplies carrier liquid 110.
In some embodiments, the liquid pump that supplies carrier
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liquid 110 establishes constant liquid flow through the sys-
tem. Such constant flow may include constant positive flow
rates (taking sample from the injector device 120 to the ther-
mal evaporation ionizing device 150), which by definition
also includes zero-flow (complete sample arrest). In other
embodiments, the liquid pump that supplies carrier liquid 110
can establish variable flow rates which may be keyed to the
type of sample introduced into the liquid REIMS systems
100. By extension, the liquid pump that supplies carrier liquid
110 may also provide for the intermittent flow of sample
throughout the liquid REIMS systems 100 (e.g., once the
carrier fluid is combined with the liquid sample introduced
via the injector device 120). Flow rate over time of intermit-
tent flow created by a constant flow rate pump may appear to
be a square wave. It should be appreciated that the lesser half
of the square wave representing flow rate over time need not
necessarily drop to zero flow; any greater constant flow rate
and any lesser constant flow rate may be used. By extension,
flow rate over time of a variable flow rate pump may appear to
be sinusoidal. Again, it should be appreciated that the lesser
half of the sinusoid (or any other wave representing flow rate
over time) need not necessarily drop to zero flow; any variable
flow rate and any lesser variable flow rate may be used.

[0024] Inother embodiments, the liquid pump that supplies
carrier liquid 110 may be any other type of pump, including as
representative examples not intended to be limiting, syringe
pumps, membrane pumps, piston pumps, electrokinetic
pumps, pumps employing Venturi’s principle, manual
pumps, controller modulated pumps, or any other mechanism
that generates and sustains a constant or stable flow rate, such
as gravitational pumps or vacuum pumps.

[0025] The sample preparation device may prepare the
sample prior to injection into the liquid REIMS system 100
via the injector device 120. In some embodiments, the prepa-
ratory effect of the sample preparation device is to purify the
sample. Here, the sample preparation device may be any
purifying modality, such as high performance liquid chroma-
tography (HPLC). In other embodiments, the preparatory
effect of the sample preparation device is to separate the fluid
sample into separate constituents which may be injected
through the system in a time-resolved manner. Here, the
sample preparation device may be any device capable of
separating the sample into separate constituents in a time-
resolved manner, including but not limited to solid phase
extraction devices, liquid chromatographs, and electro-
phoretic devices. It should be understood that any sample
preparation device may be used singly or in concert: if purity
is desires, a purifying modality may be used; if time-gating is
desired, a time-gating modality may be used; if purity and
time-gating are desired, a purifying modality may be used,
followed in sequence by a time-gating modality. Any appro-
priate sample preparation device may be used at this step.

[0026] Insomeembodiments, theliquid pump that supplies
carrier liquid 110 may provide a carrier fluid which can be
used to provide a transfer medium for the constituents of the
liquid sample through the injector device 120, chromato-
graphic column 140 by way of the liquid transfer system 130
to the thermal evaporation ionizing device 150. The carrier
fluid may be incorporated into the sample prior to its insertion
into the liquid REIMS systems 100. Alternatively, in other
embodiments, the sample preparation device may provide for
incorporation of the carrier fluid into the sample automati-
cally prior to introduction of the liquid sample via the injector
device 120. Lastly, as mentioned above, the liquid pump that
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supplies carrier liquid 110 may pump the carrier fluid to the
injector device 120 where the liquid sample is introduced. In
embodiments where the sample preparation device provides
for automatic incorporation of carrier fluid into the liquid
sample, the sample preparation device includes a reservoir of
carrier fluid which it combines with the liquid sample in an
appropriate carrier fluid to liquid sample ratio. Carrier fluid
may be incorporated prior to sample preparation (and go
through the sample preparation process with the sample
fluid), or it may be incorporated after the sample preparation
has been completed.

[0027] Insome embodiments, the carrier fluid is composed
of a single solvent or mixture of various solvents. The carrier
fluid can facilitate movement of the sample fluid from inser-
tion into and exit from the liquid transfer system 130 at the
thermal evaporation ionizing device 150. Therefore, in some
embodiments, the carrier fluid has such properties that sub-
stantially full evaporation without the formation of significant
solid residues is possible upon passing through the thermal
evaporation ionizing device 150. Moreover, in one embodi-
ment, the carrier fluid can evaporate in the thermal evapora-
tion ionizing device 150 at a rate greater than or equal to the
rate of evaporation of the sample fluid. In embodiments in
which the thermal evaporation ionizing device 150 employs
Joule-heating to vaporize the sample fluid (as will be dis-
cussed below) the carrier fluid is advantageously electrically
conductive (such as an aqueous solvent system).

[0028] In some embodiments, the liquid transfer system
130 is an open tubular element which functions as a fluid
conduit between the functional parts of the liquid REIMS
systems 100, including the liquid pump that supplies carrier
liquid 110, the injector device 120, the chromatographic col-
umn 140 and the thermal evaporation ionizing device 150.
The liquid transfer system 130 provides for fluid communi-
cation between the aforementioned components. In some
embodiments, the liquid transfer system 130 can be con-
structed out of any appropriate plastic, such as polyethere-
therketone (PEEK) or polytetrafluoroethylene (PTFE). In
other embodiments, the liquid transfer system 130 is con-
structed out of stainless steel, fused silica, or other suitable
materials.

[0029] In some embodiments, the liquid transfer system
130 can be made of any material with sufficient mechanical
strength, chemical stability, and sufficiently high flexibility
for use in a liquid rapid evaporation mass spectroscopy sys-
tem. For example, the liquid transfer system 130 can be made
out of various polymers, (e.g., polyethylene, polytetrafluoro-
ethylene, polypropylene, polyvinylchloride), metals (e.g.,
steel, copper), glass and fused silica. In some embodiments,
the liquid transfer system 130 has low porosity and is inert. In
one embodiment, the tube wall advantageously neither
retains neither charged nor neutral gaseous particles, nor
interacts with such species or facilitates their chemical reac-
tions.

[0030] In some embodiments, the internal diameter of the
liquid transfer system 130 (e.g., of a conduit of the liquid
transfer system 130) is anywhere between about 0.1-20 mm,
about 0.5-10 mm, and about 1.0-2.0 mm, including 1.5 mm,
or any other diameter needed to transport fluid throughout the
system. In one embodiment, the internal diameter is as small
as possible to advantageously aid in the detection speed of the
fluid and ions of interest.

[0031] Insomeembodiments, the length of the liquid trans-
fer system 130 can be anywhere between about 0-5000 mm,
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about 0-4000 mm, about 0-3000 mm, about 0-2000 mm,
about 0-1000 mm, about 0-500 mm, and about 0-250 mm,
including about 100 mm. Other suitable lengths can be used.
[0032] The liquid transfer system 130 can be used at ambi-
enttemperature, or at elevated temperatures. In some embodi-
ments, operating temperatures can be set anywhere between
ambient and 400° C. Higher operating temperatures may
advantageously shift the adsorption-desorption equilibrium
taking place on the wall surfaces of the liquid transfer system
130 towards desorption, thereby suppressing undesired
memory effects. Additionally, elevated temperatures can also
advantageously shift gas-phase association-dissociation
equilibrium towards dissociation, which decreases the
recombination rate of ionic species with opposite charges.
[0033] In some embodiments, the liquid transfer system
130 contains porous or fibrous material (glass wool, fabric,
etc.) to irreversibly capture large particles not producing indi-
vidual gaseous ions.

[0034] Insomeembodiments, the chromatographic column
140 is a liquid chromatographic column used to separate
components of the fluid sample in a time-resolved manner.
The chromatographic column 140 may be replaced by any
other device capable of separating a fluid sample into time-
resolved constituents, including but not limited to solid phase
extraction devices and electrophoretic devices.

[0035] Insomeembodiments, the chromatographic column
140 is a separate element from the sample preparation device,
decoupled from the sample preparation device.

[0036] Inotherembodiments, the chromatographic column
140 is coupled with or included in the sample preparation
device (e.g., where the sample preparation device is upstream
of the injector device 120). In yet other embodiments, in
which time-resolution of certain constituents is not desirable,
the chromatographic column 140 may be omitted entirely
from the liquid REIMS systems 100.

[0037] In some embodiments, prior to evaporation in the
thermal evaporation ionizing device 150, the sample is sub-
jected to a non-destructive analysis. Some representative
examples of non-destructive sample analysis include colo-
rimetry, electrochemical analysis, optical spectroscopy,
nuclear magnetic resonance spectroscopy or any other
method which does not fully consume the liquid sample. In
some embodiments, the non-destructive analysis is done in a
flow-through mode. In other embodiments, the non-destruc-
tive analysis is done through division of the sample.

[0038] In some embodiments, the injector device 120 is
used broadly to introduce the fluid sample into the thermal
evaporation ionizing device 150. Generally speaking, the
injector device 120 is in fluid communication with the liquid
pump that supplies carrier liquid 110 and chromatographic
column 140 via the liquid transfer system 130 and can provide
for a carefully modulated injection of the sample fluid into the
thermal evaporation ionizing device 150 through the liquid
transfer system 130. The injector device 120 may be a loop
injector as is used in commercial liquid chromatographic
embodiments/applications, though other suitable injectors
can be used. In some embodiments, the injector device 120
can be placed between the sample preparation device and the
chromatographic column 140. In other embodiments, the
injector device 120 is placed between the chromatographic
column 140 and the thermal evaporation ionizing device 150.
In some embodiments, the flow rate of sample fluid (or a
mixture of sample fluid and carrier fluid) into the thermal
evaporation ionizing device is in the range of about 1 nl/min-
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10 L/min, about 10 nl/min-1 L/min, about 100 nl/min-100
ml/min, about 1 ul/min-10ml/min, about 10 pl/min-1 ml/min,
about 1 nl/min-100 nl/min, and about 1 ml/min-10 ml/min. In
some embodiments, the flow rate is optimized based on
parameters of the liquid REIMS system 100 (e.g., type of
thermal evaporation ionizing device 150 used, power applied
to the thermal evaporation ionizing device 150, sample fluid
viscosity, sample fluid surface tension, etc) to advantageously
address and evaporate substantially all of the sample fluid,
thereby preventing sample loss.

[0039] Insome embodiments, the thermal evaporation ion-
izing device 150 converts certain molecular components of
the liquid sample into gaseous ions. The thermal evaporation
ionizing device 150 may thermally evaporate at least a part of
the liquid sample and aerosolize the remaining part thereby
resulting in a gaseous sample containing molecules, clusters,
and droplets. In some embodiments, the thermal evaporation
ionizing device 150 evaporates substantially all of the liquid
sample (e.g., rate of evaporation is substantially equal to the
flow rate out of the liquid transfer system 130). In other
embodiments, the thermal evaporation ionizing device 150
advantageously evaporates only part of the liquid sample
(e.g., where the liquid sample has high salt concentration).
The range of evaporation rates of the thermal evaporation
ionizing device 150 are sufficient to convert one or more
molecular components of the liquid sample to one or more
gaseous ions. Such thermal evaporation may be effected by
contact heating, heating by electric current, heating by elec-
tromagnetic radiation, or any other type of rapid heating. The
conversion of the liquid sample from its liquid state to its
gaseous state results in the desired gaseous ionic species.

[0040] Insomeembodiments, ion production at the thermal
evaporation ionizing device 150 can be improved by applying
an electrostatic potential between the thermal evaporation
ionizing device 150 and the inlet of the ion analyzer device
170. The resulting droplets may thus carry a net electric
charge, thereby increasing the number of ions formed.

[0041] In some embodiments, the post ionization device
160 (e.g., secondary ion source) functions to improve ion
production after the conversion from liquid into gas by the
thermal evaporation ionizing device 150 (and concomitant
ion production by the thermal evaporation ionizing device
150). The post ionization device 160 may be any ion source
that can produce a sufficiently high current of ions. The ions
created by the post ionization device 160 interact with the
neutral particles produced by the thermal evaporation ioniz-
ing device 150 via electric charge transfer reactions thereby
creating ionized species capable of being detected and ana-
lyzed by the ion analyzer device 170. In some embodiments,
the post ionization device 160 is an electrospray post ioniza-
tion device in which a pure solvent is electrosprayed into the
aerosol particles of the liquid sample created by the thermal
evaporation ionizing device 150. The pure solvent electro-
sprayed as multiply charged droplets merges with the acrosol
particles of the liquid sample thereby creating ionized species
capable of being detected and analyzed by the ion analyzer
device 170. Additionally, the electrosprayed solvent may con-
tain molecules which undergo chemical reactions with the
components of the sample, thereby generating ions species.
In other embodiments, the post ionization device 160 can be
a corona discharge ionization source, a glow discharge ion-
ization source, an atmospheric pressure chemical ionization
source, a dielectric barrier discharge ionization source, or an
electromagnetic ionization source.
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[0042] Insome embodiments, the ion analyzer device 170
separately detects ions by using/detecting one or more of their
chemically determined characteristics. In other embodi-
ments, the ion analyzer device 170 separately detects ions by
using/detecting one or more of their structurally determined
characteristics. In yet other embodiments, the ion analyzer
device 170 separately detects ions by using/detecting one of
more of a combination of their chemically determined and
structurally determined characteristics. For example, the ion
analyzer device 170 may be a mass spectrometric analyzer
which uses mass-to-charge ratio as its basis for separation.
Alternatively, the ion analyzer device 170 may be an ion
mobility spectrometry analyzer which uses collisional cross
section and charge. In some embodiments, other types of
mass analyzers may be used, including, but not limited to any
of the various ion trap instruments and time-of-flight analyz-
ers. Inone embodiment, the ion analyzer device 170 can be an
ion trap instrument and time-of-flight analyzer, both of which
when combined advantageously can analyze a fluctuating ion
current provided by the thermal evaporation ionizing device
150. The ion analyzer device 170 may generate data resulting
from its analysis of the ions produced by the thermal evapo-
rationionizing device 150 or the thermal evaporation ionizing
device 150 and post ionization device 160. Generally, the data
generated by the ion analyzer device 170 can be in the form of
electronic data, processable by a computer.

[0043] Insome embodiments, the thermal evaporation ion-
izing device 150 (or thermal evaporation ionizing device 150
and post ionization device 160) and ion analyzer device 170
can be fully decoupled. In these embodiments, the liquid
transfer system 130 delivers the sample fluid in liquid form to
the thermal evaporation ionizing device 150 which converts it
to its gaseous state which includes some number of ionic
species. The gaseous sample can then be conveyed to the ion
analyzer device 170 where it is analyzed. The gaseous sample
can be conveyed by any of a number of methods, including
diffusion or injection pump (similar to the injector device
120) and gas transfer system (similar to the liquid transfer
system 130). Ultimately, in such a decoupled system, any
device, or combination of devices capable of delivering the
gaseous sample ions from the thermal evaporation ionizing
device 150 to the ion analyzer device 170 can be used.

[0044] In other embodiments, the thermal evaporation ion-
izing device 150 (or thermal evaporation ionizing device 150
and post ionization device 160) and ion analyzer device 170
can be fully coupled. In these embodiments, the liquid trans-
fer system 130 delivers the sample fluid in liquid form to the
thermal evaporation ionizing device 150 which converts it to
its gaseous state which includes some number of ionic spe-
cies. Because the thermal evaporation ionizing device 150
and ion analyzer device 170 are coupled in these embodi-
ments, the gaseous sample can be directly read/analyzed by
the ion analyzer device 170 without the need for any of the
aforementioned transportation required by a fully decoupled
system.

[0045] In some embodiments, the data analysis device 180
is a computer and appropriate analysis software. In these
embodiments, the data analysis device 180 converts the raw
electronic signal generated by the ion analyzer device 170
into analytical information. In some embodiments, the data
analysis device 180 includes a device by which the analytical
information may be conveyed to a user. In some embodi-
ments, information can be conveyed in the form of full spectra
on a screen or in print-outs. In other embodiments, when only
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a positive/negative response is desired (such as in urine drug
testing) information can be conveyed in a binary format, such
as by an aural tone for positive, a simple positive/negative
result displayed ona monitor or printout, etc. Any of a number
of reporting methods can be used depending on the applica-
tion for the liquid REIMS systems 100.

[0046] The liquid REIMS systems 100 have several advan-
tages over currently available systems which render its use
highly advantageous in many scenarios. The system dis-
closed provides for a very easy mass-spectrometric or ion-
mobility spectrometric analysis of fluid samples while elimi-
nating the problem of clogging due to the presence of solid,
floating material experienced by spray ionization. Addition-
ally the system disclosed herein eliminates problems created
by widely varying sample viscosities, high concentrations of
either organic or inorganic salts in fluid samples (such as
phosphate buffers or sodium chloride), and high degrees of
chemical complexity. Moreover, liquid REIMS is particularly
well suited to the addition of a secondary ionization source,
does not require expensive and sophisticated high-pressure
hardware, is compatible with solid phase REIMS systems,
permits very rapid sample preparation, and lastly is highly
robust.

[0047] FIG. 2A illustrates a two-electrode liquid bridge
embodiment of the thermal evaporation ionizing device 200
for use in a liquid REIMS system, such as the liquid REIMS
system 100. The two-electrode liquid bridge embodiment of
the thermal evaporation ionizing device 200 includes a liquid
transfer system 130", sample fluid in liquid state 210, an
electrode bridge gap 212 (defined between a first electrode
214 and a second electrode 216—a liquid sample fluid bridge
218is formed by the passage of the sample fluid in liquid state
210 through the gap between the first electrode 214 and
second electrode 216, and sample fluid in gaseous state 220 is
generated by passing an electric current through the liquid
sample fluid bridge 218), and sample fluid in gaseous state
220.

[0048] In some embodiments disclosed herein, the liquid
transfer system 130", post ionization device 160", ion analyzer
device 170", and the data analysis device 180' can be similar
to, or identical to, and used in the same manner as has already
been discussed above in connection with the system 100 in
FIG. 1.

[0049] In operation, the pair of electrodes comprising the
first electrode 214 and the second electrode 216 is placed
under the terminal end (distal end) of the liquid transfer
system 130" (e.g., conduit) and an electrical potential differ-
ence is applied to the first electrode 214 and second electrode
216. As it exists the liquid transfer system 130", the sample
fluid in liquid state 210 may be pure sample, sample and
carrier fluid, or any of the aforementioned released in a time-
resolved manner as discussed above. As the sample fluid in
liquid state 210 exits the liquid transfer system 130", it passes
into the electrode bridge gap 212, thereby providing the liquid
sample fluid bridge 218 between the first electrode 214 and
second electrode 216. When sufficient sample fluid in liquid
state 210 has collected on the liquid sample fluid bridge 218
to complete or close the electric circuit, the resulting electric
current partially or completely evaporates the sample fluid in
liquid state 210 thereby creating sample fluid in gaseous state
220 and gaseous ions thereof.

[0050] In some embodiments, the electrode bridge gap 212
between the first electrode 214 and second electrode 216 is in
the range of about 0.1 mm-5 mm, about 0.2-2.5 mm, about
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0.3-1.5 mm, and about 0.4-0.75 mm, about 0.5-0.6 mm
including about 1 mm. In these embodiments, as mentioned
above, if a carrier fluid is used, it may be highly advantageous
that the carrier fluid be electrically conductive (such as an
aqueous solvent system), to thereby facilitate completion of
the electrical circuit between the first electrode 214 and the
second electrode 216.

[0051] Insome embodiments, electrodes with high specific
surface areas are used. In such embodiments, the surfaces of
the first electrode 214 and the second electrode 216 are rough-
ened either mechanically or electrochemically, or constructed
out of a porous material (such as active carbon, metal foam,
metal-coated silica, or any other electrically conductive
porous material). Alternatively, in other embodiments, elec-
trodes having low specific surface areas are used. In these
embodiments, the surfaces of the first electrode 214 and the
second electrode 216 are polished to create a smooth surface.
Yet other embodiments use sharp needle electrodes to effec-
tively direct current.

[0052] In some embodiments, the first electrode 214 and
second electrode 216 have cylindrical surfaces with diam-
eters in the range of about 1-10 mm, 2-8 mm, and 3-6 mm,
including about 5 mm. In some embodiments, the first elec-
trode 214 and second electrode 216 can have other suitable
dimensions. In some embodiments, the first electrode 2141s a
negative electrode and the second electrode 216 is a positive
electrode. In other embodiments, the first electrode 214 is a
positive electrode and the second electrode 216 is a negative
electrode.

[0053] In some embodiments, the electrical potential dif-
ference applied to the first electrode 214 and second electrode
216 is a direct potential difference. In other embodiments, the
electrical potential difference applied to the first electrode
214 and the second electrode 216 is an alternating potential
difference. In some embodiments, the magnitude of the
potential difference applied across the first electrode 214 and
the second electrode 216 is in the range of about 10 V/mm-
100 kV/mm, about 50 v/mm-20 kV/mm, about 250 v/mm-4
kV/mm, about method for analyzing a liquid sample using
liquid rapid evaporative ionization of liquid phase samples
500 V/mm-2 kV/mm, and about 750 V/mm-1 kV/mm. In
some embodiments, the highest voltage possible without dis-
charge through the air is used to advantageously thermally
evaporate the liquid sample.

[0054] In some embodiments, the flow rate of the sample
fluid in liquid state 210 exiting the liquid transfer system 130’
is low enough that substantially all of the sample fluid in
liquid state 210 exiting the liquid transfer system 130 is
vaporized as it enters the electrode bridge gap 212 and creates
a liquid sample fluid bridge 218. In some embodiments, the
two-electrode liquid bridge embodiment of the thermal
evaporation ionizing device 200 evaporates substantially all
of the liquid sample (e.g., rate of evaporation is substantially
equal to the flow rate out of the liquid transfer system 130"). In
some embodiments, the flow rate of sample fluid (or a mixture
of sample fluid and carrier fluid) into the thermal evaporation
ionizing device is in the range of about 1 nl/min-10 L/min,
about 10 nl/min-1 [/min, about 100 nl/min-100 ml/min,
about 1 pl/min-10 ml/min, about 10 pl/min-1 ml/min, about 1
nl/min-100 nl/min, and about 1 ml/min-10 ml/min. In some
embodiments, the flow rate is optimized based on parameters
of the two-electrode liquid bridge embodiment of the thermal
evaporation ionizing device 200 (e.g.. electrode size, magni-
tude of the gap between electrodes, power applied to the
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electrodes, sample fluid viscosity, sample fluid surface ten-
sion, etc) to advantageously address and evaporate substan-
tially all of the sample fluid, thereby preventing sample loss.
In some embodiments, the two-electrode liquid bridge
embodiment of the thermal evaporation ionizing device 200
evaporates only a portion of the liquid sample thereby main-
taining fluid flow over the electrodes during operation. The
maintenance of constant flow when analyzing samples having
high salt concentrations advantageously prevents the build-
up of salts on the electrode surfaces. The range of evaporation
rates of the two-electrode liquid bridge embodiment of the
thermal evaporation ionizing device 200 are sufficient to con-
vert one or more molecular components of the liquid sample
to one or more gaseous ions.

[0055] Insome embodiments in which a liquid sample with
a low surface tension is analyzed, both electrodes may be
pre-wetted to advantageous aid in the formation of a liquid
sample fluid bridge 218.

[0056] The sample fluid in gaseous state 220 created by the
two-electrode liquid bridge embodiment of the thermal
evaporation ionizing device 200 may include gaseous ions,
and neutral particles, and may be read/analyzed as described
above by the ion analyzer device 170'. In some embodiments,
the two-electrode liquid bridge embodiment of the thermal
evaporation ionizing device 200 is used advantageously in
concert with a post ionization device 160 as described above.

[0057] FIG. 2B illustrates a hotplate embodiment of a ther-
mal evaporation ionizing device 201 for use in liquid REIMS
systems. The hotplate embodiment of the thermal evaporation
ionizing device 201 includes a liquid transfer system 130", a
post ionization device 160", an ion analyzer device 170/,
sample fluid in liquid state 210, sample fluid in gaseous state
220, and a hotplate 222.

[0058] In operation, the hotplate 222 is placed directly
beneath the distal/terminal end of the liquid transfer system
130" and heated. The sample fluid in liquid state 210 exits
(e.g., drips from) the liquid transfer system 130" and falls
under the guidance of gravity from the distal/terminal end of
the liquid transfer system 130" down onto the hotplate 222. As
it exists the liquid transfer system 130", the sample fluid in
liquid state 210 may be pure sample, sample and carrier fluid,
or any of the aforementioned released in a time-resolved
manner as discussed above. Upon hitting the hotplate 222, the
sample fluid in liquid state 210 rapidly (e.g., nearly instanta-
neously) evaporates into sample fluid in gaseous state 220. In
further operation, a post ionization device 160' is used to
increase the rate of ionization of the sample fluid in gaseous
state 220. The more completely ionized sample fluid in gas-
eous state 220 (e.g., which includes gaseous ions) can then
detected by the ion analyzer device 170" and read/analyzed.

[0059] In some embodiments, during operation, the hot-
plate 222 is heated to a temperature between the boiling point
and the Leidenfrost temperature of the sample fluid in liquid
state 210, thereby ensuring the most rapid evaporation pos-
sible. In some embodiments, during operation, the hotplate
222 is kept at a temperature substantially higher than the
boiling point of the sample fluid but still under the sample
fluid’s Leidenfrost temperature. In some embodiments, the
hotplate 222 includes a spiked surface which may advanta-
geously render it difficult for a droplet to levitate, thereby
avoiding the Leidenfrost effect. In other embodiments, the
hotplate 222 surface is coarse and or easy to wet (e.g., pos-
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sessing a low surface tension) which may also have the ben-
eficial effect of aiding in the prevention of the Leidenfrost
effect.

[0060] In some embodiments, the hotplate 222 is con-
structed out of a high resistance material, capable of creating
high temperatures upon application of electric power. Select
examples of possible hotplate 222 materials, not intended to
limit the scope of this disclosure, include the following:
refractory metals, such as molybdenum, tantalum, tungsten,
and nickel-iron; nickel-based alloys, such as nickel-chro-
mium 35-19, nickel-chromium 68-20, nickel-chromium
60-16, nickel-chromium 80-20; iron based alloys, such as
iron-aluminum, chromium-aluminum, molybdenum disili-
cide (including molybdenum doped with aluminum); or oth-
ers, such as iron-nickel-chromium, aluminum-iron-chro-
mium, Inconel, nickel-tungsten, cermets, silicon carbide,
kanthal (FeCrAl), super kanthal, graphite, silicon carbide,
positive thermal coefficient of resistance ceramics, platinum.
In some embodiments, an atmosphere other than air is used.
[0061] In some embodiments, the post ionization device
160" is an electrospray post ionization device. In other
embodiments, the post ionization device 160' may be any of
the other post ionization devices disclosed above.

[0062] In some embodiments, the flow rate of the sample
fluid in liquid state 210 exiting the liquid transfer system 130’
is low enough that substantially all of the sample fluid in
liquid state 210 exiting the liquid transfer system 130' is
vaporized as it hits, or substantially immediately after it hits,
the hotplate 222. It may be undesirable for a residue of liquid
in the form of a jet or droplets to remain unevaporated. In
some embodiments, the hotplate embodiment of a thermal
evaporation ionizing device 201 evaporates substantially all
of the liquid sample (e.g., rate of evaporation is substantially
equal to the flow rate out of the liquid transfer system 130"). In
other embodiments, the hotplate embodiment of a thermal
evaporation ionizing device 201 evaporates less than all of the
liquid sample (e.g., where the liquid sample has high salt
concentration). The range of evaporation rates of the hotplate
embodiment of a thermal evaporation ionizing device 201 are
sufficient to convert one or more molecular components of the
liquid sample to one or more gaseous ions. In some embodi-
ments, the flow rate is in the range of about 10 nL/min-50
ml/min, about 100 nl./min-5 ml./min, about 1 ul./min-500
uL/min, and about 10 ul./min-50 ul/min including about 100
uL/min. In some embodiments the flow rate is high enough
that the liquid sample fluid will not evaporate in the liquid
transfer system 130" prior to reaching the hotplate 222. In
some embodiments, the flow rate is optimized based on
parameters of the hotplate embodiment of a thermal evapo-
ration ionizing device 201 (e.g., hotplate 222 shape, size and
surface characteristics, hotplate 222 temperature, sample
fluid viscosity, sample fluid surface tension, etc) to advanta-
geously address and evaporate substantially all of the sample
fluid, thereby preventing sample loss.

[0063] FIG. 2C illustrates a laser embodiment of a thermal
evaporation ionizing device 202 for use in a liquid REIMS
system. The laser embodiment of the thermal evaporation
ionizing device 202 includes a liquid transfer system 130',
sample fluid in liquid state 210, sample fluid in gaseous state
220, and at least one electromagnetic radiation beam 228
produced by at least one electromagnetic radiation producing
device or laser 230.

[0064] In operation, the at least one electromagnetic radia-
tion beam 228 is focused at a location spaced apart from (e.g.,
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directly below) the distal/terminal end of the liquid transfer
system 130' (e.g., conduit). In one embodiment, the sample
fluid in liquid state 210 exits the liquid transfer system 130’
and beads under the guidance of gravity on the distal/terminal
end of the liquid transfer system 130" down into the electro-
magnetic radiation beam 228 focused directly below the dis-
tal/terminal end of the liquid transfer system 130", As it exits
the liquid transfer system 130', the sample fluid in liquid state
210 may be pure sample, sample and carrier fluid, or any of
the aforementioned released in a time-resolved manner as
discussed above. The energy of the at least one electromag-
netic radiation beam 228 causes the sample fluid in liquid
state 210 to vaporize thereby forming sample fluid in gaseous
state 220 (e.g., gaseous ions). The sample fluid in gaseous
state 220 created by the laser embodiment of the thermal
evaporation ionizing device 202 may be read/analyzed as
described above by the ion analyzer device 17('. In some
embodiments, the laser embodiment of the thermal evapora-
tion ionizing device 202 may be used advantageously in con-
cert with the post ionization device 160'.

[0065] In some embodiments, the electromagnetic radia-
tionbeam 228 is a focused beam of electromagnetic radiation.
In other embodiments, the electromagnetic radiation beam
228 is a collimated beam of electromagnetic radiation (such
as a carbon-dioxide laser). In some embodiments, the laser
embodiment of the thermal evaporation ionizing device 202
uses only one electromagnetic radiation beam 228. In other
embodiments, the laser embodiment of the thermal evapora-
tion ionizing device 202 uses more than one electromagnetic
radiation beam 228, for example, 2 electromagnetic radiation
beams 228, 3 electromagnetic radiation beams 228, 4 elec-
tromagnetic radiation beams 228, 5 electromagnetic radiation
beams 228, or more than 5 electromagnetic radiation beams
228.

[0066] In some embodiments, the flow rate of the sample
fluid in liquid state 210 exiting the liquid transfer system 130’
is low enough that substantially all of the sample fluid in
liquid state 210 exiting the liquid transfer system 130' is
vaporized as it enters the electromagnetic radiation beam 228
or combination/intersection of more than one electromag-
netic radiation beam 228. In some embodiments, the laser
embodiment of a thermal evaporation ionizing device 202
evaporates substantially all of the liquid sample (e.g., rate of
evaporation is substantially equal to the flow rate out of the
liquid transfer system 130"). In other embodiments, the laser
embodiment of a thermal evaporation ionizing device 202
evaporates less than all of the liquid sample. The range of
evaporation rates of the laser embodiment of a thermal evapo-
ration ionizing device 202 are sufficient to convert one or
more molecular components of the liquid sample to one or
more gaseous ions. In some embodiments, the flow rate of
sample fluid (or a mixture of sample fluid and carrier fluid)
into the thermal evaporation ionizing device (e.g., electro-
magnetic radiation beam 228) is in the range of about 1
nl/min-10 L/min, about 10 nl/min-1 L/min, about 100 nl/min-
100 ml/min, about 1 pl/min-10 ml/min, about 10 ul/min-1
ml/min, about 1 nl/min-100 nl/min, and about 1 ml/min-10
ml/min. In some embodiments, the flow rate is optimized
based on parameters of the laser embodiment of a thermal
evaporation ionizing device 202 (e.g., number of electromag-
netic radiation beams 228 used, power of the electromagnetic
radiation beams, sample fluid viscosity, sample fluid surface
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tension, etc) to advantageously address and evaporate sub-
stantially all of the sample fluid, thereby preventing sample
loss.

[0067] FIG. 3 illustrates another embodiment of a liquid
REIMS system 300. The liquid REIMS system 300 includes
a sample fluid pump 330, a liquid transfer system 130", an
evaporation cylinder (thermal evaporation ionizing device)
310, an evaporation cylinder control and power source 320, a
post ionization device 160", an ion analyzer device 170", and a
data analysis device 180. In one embodiment, the liquid trans-
fer system 130" can include a conduit having an outer diam-
eterof 1.5875 mm and an internal diameter of 1.27 mm and be
made of PTFE tubing. However, in other embodiments, the
liquid transfer system 130" can include a conduit having other
suitable dimensions and made of other materials (e.g., plastic
materials).

[0068] In the illustrated embodiment, the sample fluid
pump 330 is in fluid communication with the evaporation
cylinder 310 through the liquid transfer system 130'. The
evaporation cylinder 310 is in electrical communication with
the evaporation cylinder control and power source 320. The
post ionization device 160 is placed such that it may ionize or
direct charged particles within the interior lumen of the
evaporation cylinder 310. The ion analyzer device 170" is
placed on the side of the evaporation cylinder 310 opposite to
the post ionization device 160". The data analysis device 180’
1s in data communication with the ion analyzer device 170'. In
one embodiment, the evaporation cylinder 310 can have a
length of between about 12.7 mm and about 5.08 cm and an
internal diameter of between abut 7.62 mm and about 2.54
cm. In one embodiment, the evaporation cylinder 310 can
have a length of about 2.54 cm and an internal diameter of
about 12.7 mm. However, the evaporation cylinder 310 can
have other suitable lengths and diameters.

[0069] In operation, the evaporation cylinder control and
power source 320 raises the evaporation cylinder 310 to an
appropriate temperature (e.g., via a heater coupled to,
attached to or embedded in, the evaporation cylinder 310)
after which the sample fluid pump 330 injects sample fluid in
its liquid state into the heated evaporation cylinder 310. In one
embodiment, the evaporation cylinder 310 (e.g., the internal
surface 312 of the evaporation cylinder 310) can be heated to
a temperature of between about 150° C. and about 800° C.
The fluid sample may run through the sample fluid pump 330
into the liquid transfer system 130'. The liquid transfer system
130" carries the fluid sample from the sample fluid pump 330
to the evaporation cylinder 310 where the liquid transfer
system 130 terminates, allowing the fluid sample to exit the
liquid transfer system 130 and enter the evaporation cylinder
310, coming in contact with a heated cylindrical inner surface
312 of the evaporation cylinder 310. The heated evaporation
cylinder 310 then causes the sample fluid in its liquid state to
vaporize from its liquid state into its gaseous state via contact
heating. The sample fluid in its gaseous state may contain
some charged particles and some neutral particles. In further
operation, to increase ionization (the concentration of
charged particles), the post ionization device 160" ionizes the
sample fluid in its gaseous state which may then be read/
analyzed by the ion analyzer device 170'. In one embodiment,
the post ionization device 160' could be an electrospray ion
source. The ion analyzer device 170" can then communicate
the data to the data analysis device 180" to be processed and
analyzed.
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[0070] Insome embodiments, the sample fluid pump 330 is
a liquid pump which is used to establish liquid flow for the
transfer of the fluid sample from the sample fluid pump 330 to
the evaporation cylinder 310 through the liquid transfer sys-
tem 130". In some embodiments, the liquid pump of the
sample fluid pump 330 establishes constant flow through the
system. Such constant flow may include constant positive
flow rates (taking sample to the evaporation cylinder 310),
which by definition it also includes zero-flow (complete
sample arrest). In other embodiments, the liquid pump of the
sample fluid pump 330 establishes variable flow rates which
may be keyed to the type of sample introduced into liquid
REIMS system 300. By extension, the liquid pump may also
provide for the intermittent flow of sample throughout the
liquid REIMS system 300. As discussed above, flow rate over
time of intermittent flow created by a constant flow rate pump
may appear to be a square wave. It should be appreciated that
the lesser half of the square wave representing flow rate over
time need not necessarily drop to zero flow: any greater con-
stant flow rate and any lesser constant flow rate may be used.
By extension, flow rate over time of a variable flow rate pump
may appear to be sinusoidal. Again, it should be appreciated
that the lesser half of the sinusoid (or any other wave repre-
senting flow rate over time) need not necessarily drop to zero
flow; any variable flow rate and any lesser variable flow rate
may be used.

[0071] Insome embodiments, the sample fluid pump 330 is
amanual pump by which a user may manually inject a sample
into the evaporation cylinder 310. For example, in some
embodiments such a manual pump is a syringe which may be
coupled directly to the liquid transfer system 130" by threads
or other suitable mechanisms. Here, in operation, a user may
aspirate a fixed volume of the desired sample (for example a
urine sample to conduct a urine toxicology test) from a liquid
sample container using a syringe then couple that syringe to
the liquid transfer system 130" by any appropriate mechanism
(for example by threads or a spring lock) then selectively
depress the syringe’s plunger to inject the sample into the
evaporation cylinder 310. In some embodiments of the
sample fluid pump 330 in which a syringe pump is used, the
syringe pump may be actuated by a controller (e.g., electronic
or computer controller), for example by a servo screw,
thereby potentially increasing flow rate accuracy and stabil-
ity.

[0072] In yet other embodiments, the sample fluid pump
330 may be any other type of pump, including as representa-
tive examples not intended to be limiting, manual pumps,
controller modulated pumps, or any other mechanisms that
generate and sustain a constant or stable flow rate, such as
gravitational pumps or vacuum pumps.

[0073] In some embodiments, the sample fluid pump 330
may include a sample preparation device to prepare the
sample for injection into the evaporation cylinder 310. In
some embodiments, the preparatory effect of a sample prepa-
ration device is to purify the sample. In such an embodiment,
the sample preparation device may be any purifying modality,
such as high performance chromatography (HPLC). In other
embodiments, the preparatory effect of the sample prepara-
tion device is to separate the fluid sample into separate con-
stituents which may be injected through the system in a time-
resolved manner. In these embodiments, the sample
preparation device may be any device capable of separating
the sample into separate constituents in a time-resolved man-
ner, including but not limited to phase extraction devices,
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liquid chromatographs, and electrophoretic devices. It should
be understood that any sample preparation device may be
used singly or in concert: if purity is desires, a purifying
modality may be used; if time-gating is desired, a time-gating
modality may be used; if purity and time-gating are desired, a
purifying modality may be used, followed in sequence by a
time-gating modality. Any appropriate sample preparation
device may be used at this step.

[0074] Insome embodiments, a carrier fluid may be used to
provide a transfer medium for the constituents of the liquid
sample fluid through the sample fluid pump 330 (and a sample
preparation device if one is included), via liquid transfer
system 130" to the evaporation cylinder 310. The carrier fluid
may be incorporated into the sample prior to its insertion into
the liquid REIMS system 300. Alternatively, the sample
preparation device may provide for incorporation of the car-
rier fluid into the sample automatically. In embodiments
where a sample preparation device provides for automatic
incorporation of carrier fluid into the sample fluid, such a
sample preparation device includes a reservoir of carrier fluid
which it combines with the sample fluid in an appropriate
carrier fluid to sample fluid ratio. Carrier fluid may be incor-
porated prior to sample preparation (and go through the
sample preparation process with the sample fluid), or it may
be incorporated after the sample preparation has been com-
pleted.

[0075] In some embodiments, the carrier fluid is composed
of a single solvent or mixture of various solvents. The carrier
fluid facilitates movement of the sample fluid from insertion
into the sample fluid pump 330 to exiting the liquid transfer
system 130' at the evaporation cylinder 310. In some embodi-
ments, the carrier fluid has such advantageous properties that
substantially full evaporation without the formation of sig-
nificant solid residues is possible upon passing through the
evaporation cylinder 310. Moreover, in some embodiments,
the carrier fluid evaporates in the evaporation cylinder 310 at
a rate greater than or equal to the rate of evaporation of the
sample fluid.

[0076] In some embodiments, the evaporation cylinder
control and power source 320 is electrically connected to the
evaporation cylinder 310 and the evaporation cylinder control
and power source 320 communicates in two-way communi-
cation with the evaporation cylinder 310. In other embodi-
ments, the evaporation cylinder control and power source 320
is electrically connected to the evaporation cylinder 310 and
the evaporation cylinder control and power source 320 com-
municates in only one-way communication with the evapo-
ration cylinder 310. The evaporation cylinder control and
power source 320 may serve to monitor the temperature of the
evaporation cylinder 310 (e.g., via one or more temperature
sensors on the evaporation cylinder 310) and keep it at a
certain or predetermined temperature. Keeping the evapora-
tion cylinder 310 at a constant temperature may be done
through any of several methods, including but not limited to:
using the material properties of the evaporation cylinder 310
and an empirical relationship between power applied to the
material and heat generated; and including a temperature
sensor which provides a feedback loop to the evaporation
cylinder control and power source 320 and acts like a ther-
mostat, such that the evaporation cylinder control and power
source 320 may turn on when the temperature of the evapo-
ration cylinder 310 has decreased to a certain level and may
turn off when the temperature of the evaporation cylinder 310
has increased to a certain level.
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[0077] In some embodiments, the evaporation cylinder
control and power source 320 heats the evaporation cylinder
310 by providing alternating current to the evaporation cyl-
inder 310 (e.g., to a heater attached to or incorporated in the
evaporation cylinder 310). In other embodiments, the evapo-
ration cylinder control and power source 320 heats the evapo-
ration cylinder 310 by providing direct current to the evapo-
ration cylinder 310 (e.g., to a heater incorporated in the
evaporation cylinder 310).

[0078] In some embodiments, the evaporation cylinder
control and power source 320 is controlled directly by the
data analysis device 180". In such embodiments, a user may
program the evaporation cylinder control and power source
320 through the data analysis device 180, inputting such
parameters such as length of heating and desired temperature.
[0079] Insomeembodiments, the evaporation cylinder 310
is fully cylindrical, meaning that there exists a solid cylinder
for a full 360° with a central opening or channel therein. In
other embodiments, the evaporation cylinder 310 may be
partially cylindrical. In embodiments in which the evapora-
tion cylinder 310 is only partially cylindrical, the partial cyl-
inder of the evaporation cylinder 310 may be partial in the
range of about 30° C.-800° C., about 40° C.-550° C., about
45°C.-<360°C., about 90° C.-<360° C., about 135° C.-<360°
C., about 180° C.-<360° C., about 225° C.-<360° C., about
270° C.-<360° C., and including about 315° C.-<360° C.
[0080] Insome embodiments, during operation, the evapo-
ration cylinder 310 is kept between the boiling point and the
Leidenfrost temperature of the sample fluid, thereby ensuring
the most rapid evaporation possible. In some embodiments,
during operation, the evaporation cylinder 310 is kept at a
temperature substantially higher than the boiling point of the
sample fluid but still under the sample fluid’s Leidenfrost
temperature.

[0081] Insomeembodiments, the evaporation cylinder 310
is constructed out of a high resistance material, capable of
creating high temperatures upon application of electric
power. Select examples of possible evaporation cylinder 310
materials, not intended to limit the scope of this disclosure,
include the following: refractory metals, such as molybde-
num, tantalum, tungsten, and nickel-iron; nickel-based
alloys, such as nickel-chromium 35-19, nickel-chromium
68-20, nickel-chromium 60-16, nickel-chromium 80-20; iron
based alloys, such as iron-aluminum, chromium-aluminum,
molybdenum disilicide (including molybdenum doped with
aluminumy); or others, such as iron-nickel-chromium, alumi-
num-iron-chromium, Inconel, nickel-tungsten, cermets, sili-
con carbide, kanthal (FeCrAl), super kanthal, graphite, sili-
con carbide, ceramics, positive thermal coefficient of
resistance ceramics, platinum. In some embodiments, an
atmosphere other than air is used.

[0082] In some embodiments, the flow rate of the sample
fluid in liquid state exiting the liquid transfer system 130' is
low enough that substantially all of the sample fluid in liquid
state 210 exiting the liquid transfer system 130' is vaporized
as it hits, or substantially immediately after it hits, the cylin-
drical inner surface 312 of the evaporation cylinder 310. It
may be undesirable for a residue of liquid in the form of a jet
or droplets to remain unevaporated. In some embodiments,
the embodiment of a liquid REIMS system 300 evaporates
substantially all of the liquid sample (e.g., rate of evaporation
is substantially equal to the flow rate out ofthe liquid transfer
system 130"). In other embodiments, the embodiment of a
liquid REIMS system 300 evaporates less than all of the liquid
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sample. The range of evaporation rates of the embodiment of
a liquid REIMS system 300 are sufficient to convert one or
more molecular components of the liquid sample to one or
more gaseous ions. In some embodiments, the flow rate is in
the range of about 10 nl/min-50 mI/min, about 100
nl/min-5 ml/min, about 1 nL./min-500 uL./min, and about 10
ul/min-50 pl/min including about 100 pl/min. In some
embodiments the flow rate is high enough that the liquid
sample fluid will not evaporate in the liquid transfer system
130" prior to reaching the cylindrical inner surface 312 of the
evaporation cylinder 310. In some embodiments, the flow rate
is optimized based on parameters of the embodiment of a
liquid REIMS system 300 (e.g., evaporation cylinder 310
shape, size and surface characteristics, evaporation cylinder
310 temperature, sample fluid viscosity, sample fluid surface
tension, etc) to advantageously address and evaporate sub-
stantially all of the sample fluid, thereby preventing sample
loss. In some embodiments, the embodiment of a liquid
REIMS system 300 evaporates only a portion of the sample
thereby maintaining fluid flow over the electrodes during
operation. The maintenance of constant flow when analyzing
samples having high salt concentrations advantageously pre-
vents the build-up of salts on the evaporation cylinder 310
surface.

[0083] The post ionization device 160' can be used to
improve ion production after the conversion from liquid into
gas the by evaporation cylinder 310 (and concomitant ion
production by the evaporation cylinder 310). As shown in
FIG. 3, the post ionization device 160' is an electrospray post
ionization device which electrosprays pure solvent as multi-
ply charged droplets directly through the lumen of the evapo-
ration cylinder 310. The multiple charged droplets may merge
with the aerosol particles of the sample fluid in its gaseous
state thereby creating ionized species capable of being
detected and analyzed by the ion analyzer device 170"
[0084] In some embodiments, the post ionization device
160" may be any suitable ion source that can produce a suffi-
ciently high current of ions. The ions created by the post
ionization device 160" interact with the neutral particles pro-
duced by the evaporation cylinder 310 via electric charge
transfer reactions thereby creating ionized species capable of
being detected and analyzed by the ion analyzer device 170'.
In other embodiments, the post ionization device 160'
includes post-ionization by interaction with ionic species or
metastable, electronically excited species originating from
corona, glow or arc discharge.

[0085] In some embodiments, the liquid REIMS system
300 does not include a post ionization device 160'. Such
embodiments are particularly feasible when the samples to be
analyzed produce a high concentration of ionized species
upon vaporization within the evaporation cylinder 310.
[0086] Insome embodiments, the ion analyzer device 170’
separately detects ions by using/detecting one or more of their
chemically determined characteristics. In other embodi-
ments, the ion analyzer device 170" separately detects ions by
using/detecting one or more of their structurally determined
characteristics. In yet other embodiments, the ion analyzer
device 170" separately detects ions by using/detecting one of
more of a combination of their chemically determined and
structurally determined characteristics. For example, the ion
analyzer device 170' may be a mass spectrometric analyzer
which uses mass-to-charge ratio as its basis for separation. In
another embodiment, the ion analyzer device 170' may be an
ion mobility spectrometry analyzer which uses collisional
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cross section and charge. In some embodiments, other types
of mass analyzers may be used, including, but not limited to
any of the various ion trap instruments and time-of-flight
analyzers. lon trap instruments and time-of-flight analyzers
may be used advantageously in embodiments in which the
evaporation cylinder 310 produces a fluctuating ion current.
The ion analyzer device 170' may generate data resulting
from its analysis of the ions produced by the evaporation
cylinder 310 or the evaporation cylinder 310 and post ioniza-
tion device 160'. Generally, the data generated by the ion
analyzer device 170" will be in the form of electronic data,
processable by a computer.

[0087] Insomeembodiments, the evaporation cylinder 310
(or evaporation cylinder 310 and post ionization device 160"
as the case may be) and ion analyzer device 170" are fully
decoupled. In these embodiments, the liquid transfer system
130 delivers the sample fluid in liquid form to the evaporation
cylinder 310 which converts it to its gaseous state which
includes some number of ionic species. The gaseous sample
may then be conveyed to the ion analyzer device 170' where
it is analyzed. In such a decoupled system, any device, or
combination of devices capable of delivering the gaseous
sample ions from the evaporation cylinder 310 to the ion
analyzer device 170" may be used.

[0088] In other embodiments, the evaporation cylinder 310
(or evaporation cylinder 310 and post ionization device 160’
as the case may be) and ion analyzer device 170" are be fully
coupled. In these embodiments, the liquid transfer system
130 delivers the sample fluid in liquid form to the evaporation
cylinder 310 which converts it to its gaseous state which
includes some number of ionic species. Because the evapo-
ration cylinder 310 and ion analyzer device 170" are coupled
in these embodiments, the gaseous sample may be directly
read/analyzed by the ion analyzer device 170" without the
need for any of the aforementioned transportation required by
a fully decoupled system.

[0089] Insome embodiments, the data analysis device 180
is a computer and appropriate analysis software. In these
embodiments, the data analysis device 180' converts the raw
electronic signal generated by the ion analyzer device 170'
into analytical information. In some embodiments, the data
analysis device 180" includes a device by which the analytical
information may be conveyed to a user. In some embodi-
ments, information may be conveyed in the form of full spec-
tra on a screen or in print-outs. In other embodiments, when
only a positive/negative response is desired (such as in urine
drug testing) information may be conveyed in a binary for-
mat, such as by an aural tone for positive, a simple positive/
negative result visually displayed on a monitor or printout,
etc. Any of a number of reporting methods may be used
depending on the application for the liquid REIMS system
300.

[0090] FIG. 4 illustrates another embodiment of a liquid
REIMS system 400. The liquid REIMS system 400 includes
a microtiter plate 410, at least one microwell 420 which can
be filled with a sample fluid in its liquid state 430, a sample
fluid in its gaseous state 431 generated by the liquid REIMS
system 400, a thermal evaporation ionizing device 438 with a
first electrode 440 and a second electrode 450, a gaseous
sample transport conduit 460, an electrode power source 470,
an electrode lead line 480, an electrode bridge gap 490, anion
analyzer device 170", and a data analysis device 180'.

[0091] Intheliquid REIMS system 400, the sample fluid in
its liquid state 430 and second electrode 450 are positioned
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and fixed such that a fixed electrode bridge gap 490 is created
between the tip of the first electrode 440 and the second
electrode 450. The electrode power source 470 is connected
to the first electrode 440 and second electrode 450 via of the
electrode lead line 480. The gaseous sample transport conduit
460 runs from just above the electrode bridge gap 490 created
by the first electrode 440 and second electrode 450 to the ion
analyzer device 170". The data analysis device 180" can be in
data communication with the ion analyzer device 170'. The
microtiter plate 410 includes at least one microwell 420
which may contain sample fluid in its liquid state 430.

[0092] In operation, sample fluid in its liquid state 430 is
placed (e.g., injected) into at least one of the microwells 420
of the microtiter plate 410. The first electrode 440 and second
electrode 450 are then at least partially submerged in the
sample fluid in its liquid state 430. The electrode power
source 470 then creates a potential difference across the first
electrode 440 and second electrode 450 through the electrode
lead line 480. In some embodiments, the first electrode 214 is
anegative electrode and the second electrode 216 is a positive
electrode. In other embodiments, the first electrode 214 is a
positive electrode and the second electrode 216 is a negative
electrode. The sample fluid in its liquid state 430 in the
electrode bridge gap 490 completes the circuit between the
first electrode 440 and second electrode 450. The power cre-
ated in the electrode bridge gap 490 vaporizes at least some of
the sample fluid in its liquid state 430, thereby creating
sample fluid in its gaseous state 431. The sample fluid in its
gaseous state 431 includes at least some concentration of
ionic species (e.g., including gaseous ions). Sample fluid in
its gaseous state 431 is taken up by the gaseous sample trans-
port conduit 460 to the ion analyzer device 170" where it is
read/analyzed. The ion analyzer device 170' can communi-
cate the raw data to the data analysis device 180" where it is
analyzed and communicated to a user. In some embodiments
data is transmitted from the ion analyzer device 170" auto-
matically to the data analysis device 180", In other embodi-
ments data is written to removable memory at the ion analyzer
device 170" and can be removed from the ion analyzer device
170" and read, analyzed and used by and at the data analysis
device 180'. Removable memory includes any form of com-
puter readable media which can be transferred from one data
reading or writing device to another data ready or writing
device, including but not limited to: floppy disks, zip disks,
compact disks (i.e., CDs), digital video disks (i.e., DVDs),
BlueRay® disks, HD DVD disks, holographic disks, plate-
based hard drives, solid state hard drives, and any type of flash
memory. In another embodiment, data is communicated wire-
lessly (e.g., using radiofrequency communication) from the
ion analyzer device 170" to one or more data analysis device
180".

[0093] In some embodiments, the microtiter plate 410 is a
standard 96 well plate. It may be undesirable that samples
mix, even sample residues. In some embodiments, 96 well
plates may be used advantageously in that they are ideally
adapted to single use applications—one microwell 420 may
be used to read one sample until all microwells 420 in a plate
have been used then the plate may be discarded. In other
embodiments, the microtiter plate 410 is a reusable plate. The
microtiter plate 410 may be any construct having at least one
microwell 420 capable of holding some sample fluid in its
liquid state 430 and capable of accepting the first electrode
440 and second electrode 450.
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[0094] In some embodiments, the first electrode 440 and
second electrode 450 have sharp tips, thereby improving the
focusing of electric current. In some embodiments, the first
electrode 440 and second electrode 450 have blunted, or
rounded tips. In other embodiments, the first electrode 440
and second electrode 450 have square tips.

[0095] Insome embodiments, the electrode bridge gap 490
between the first electrode 440 and second electrode 450 is in
the range of about 0.1 mm-5 mm, about 0.2-2.5 mm, about
0.3-1.5 mm, and about 0.4-0.75 mm, about 0.5-0.6 mm
including about 1 mm.

[0096] In some embodiments, the electrode power source
470 creates an electrical potential difference across the first
electrode 440 and second electrode 450. In these embodi-
ments, as mentioned above, if any type of carrier liquid or
sample preparation fluid is used, it may be highly advanta-
geous that the carrier liquid or sample preparation fluid be
electrically conductive (such as an aqueous solvent system),
to thereby facilitate completion of the electrical circuit
between the first electrode 440 and second electrode 450. In
some embodiments, the potential is 300 Vp-p, 330 Hz alter-
nating electrical potential.

[0097] In some embodiments, the potential difference
applied to the first electrode 440 and second electrode 450 is
adirect potential difference. In other embodiments, the poten-
tial difference applied to the first electrode 440 and the second
electrode 450 is an alternating potential difference. In some
embodiments, the magnitude of the potential difference
applied across the first electrode 440 and the second electrode
450 is in the range of about 10 V/mm-100 kV/mm, about 50
v/mm-20 kV/mm, about 250 v/mm-4 kV/mm, about method
for analyzing a liquid sample using liquid rapid evaporative
ionization of liquid phase samples 500 V/mm-2 kV/mm, and
about 750 V/mm-1 kV/mm. In some embodiments, the high-
est voltage possible without discharge through the air is used
to advantageously thermally evaporate the liquid sample.
[0098] In some embodiments, the electrode power source
470 is capable of detecting resistance between the first elec-
trode 440 and second electrode 450. In such embodiments the
electrode power source 470 responds differently to different
levels of resistance: the electrode power source 470 may
maintain a low level potential difference (resting power)
across the first electrode 440 and second electrode 450 as long
as the electrode power source 470 detects that there exists a
substantially high resistance between the first electrode 440
and 450 (corresponding to the presence of air between the
electrodes); the electrode power source 470 may increase to a
high potential difference (vaporizing power) across the first
electrode 440 and second electrode 450 when the electrode
power source 470 detects that there is a substantially low
resistance between the first electrode 440 and second elec-
trode 450 (corresponding to the presence of a conductive
sample between the electrodes). In such embodiments, the
electrode power source 470 may turn off when the first elec-
trode 440 and second electrode 450 are removed from a
sample, and the electrode power source 470 may turn back on
when the first electrode 440 and second electrode 450 are
once again submerged in a conductive sample. This would
have the advantageous effect of acting as a feedback loop,
turning off the electrode power source 470 once the first
electrode 440 and second electrode 450 have completely
vaporized a sample.

[0099] In some embodiments, the electrode lead line 480
connects the electrode power source 470 to the first electrode

Aug. 18,2016

440 and second electrode 450 and is constructed out of any
type of conductive, flexible material, such as traditional cop-
per wiring.

[0100] Insomeembodiments, the gaseous sample transport
conduit 460 begins above the electrode bridge gap 490 in the
range ofabout 0.5-10 mm above the electrode bridge gap 490,
about 0.6-8 mm above the electrode bridge gap 490, 0.7-6 mm
above the electrode bridge gap 490, 0.8-4 mm above the
electrode bridge gap 490, 0.9-2 mm above the electrode
bridge gap 490, and including 1 mm above the electrode
bridge gap 490. In some embodiments, the gaseous sample
transport conduit 460 is a flexible, hollow tubular structure
with alumen extending from the proximal end of the gaseous
sample transport conduit 460 (beginning above the electrode
bridge gap 490) to the distal end of the gaseous sample trans-
port conduit 460 which terminates at the ion analyzer device
170". In some embodiments, the gaseous sample transport
conduit 460 has an internal lumen diameter in the range of
about 0.5-5 mm, about 0.75-2.5 mm, and about 1-2 mm,
including about 1.5 mm. In some embodiments, as small an
internal lumen diameter as possible is used to advantageously
aid in detection speed.

[0101] Insomeembodiments, the gaseous sample transport
conduit 460 is constructed out of any appropriate plastic, such
as polyetheretherketone (PEEK) or polytetrafluoroethylene
(PTFE).

[0102] Insome embodiments of the liquid REIMS system
400, an injector device is used to aid in the transport of the
sample fluid in its gaseous state 431 from the proximal end of
the gaseous sample transport conduit 460 to the distal end of
the gaseous sample transport conduit 460 and the ion analyzer
device 170'. Such an injector device may be advantageous to
provide for a carefully modulated injection of the sample fluid
in its gaseous state 431 to the ion analyzer device 170'. The
injector device may be a loop injector as is used in several
commercial devices.

[0103] Additionally, in some embodiments of the third
embodiment of a system for liquid REIMS 400, it may be
advantageous to include a post ionization device to further
ionize the sample fluid in its gaseous state 431. This may be
particularly advantageous when the sample fluid in its liquid
state 430 is one that upon conversion to sample fluid in its
gaseous state 431 does not create a high concentration of ions.
[0104] Insome embodiments of the liquid REIMS system
400, the system may be semi-automated. For example, a user
may load a 96 well plate, or microtiter plate 410, with the
desired samples and then use the data analysis device 180’
(essentially a computer) to indicate which wells of the 96 well
plate are filled with sample fluid in its liquid state 430. The 96
well plate may then be placed on a stage, preprogrammed to
be articulable along the X and Y axes of the Cartesian plane.
Therefore, the 96 well plate may easily be move, one microw-
ell 420 at a time to the left and right or up and down. In this
example, the electrode assembly, comprised of the first elec-
trode 440, second electrode 450 and electrode lead line 480
and gaseous sample transport conduit 460 is placed vertically
above the articulating 96 well plate stage. The electrode
assembly may move up and down in the Z direction while
remaining stationary in X andY. The data analysis device 180’
may communicate sample locations to the electrode assem-
bly, causing the electrode assembly to drop and activate to
vaporize as disclosed above. In operation then, a user may
load a plate with samples, indicate to the data analysis device
180" which microwells 420 contain samples, place the plate
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on the articulable stage and activate the system. Once acti-
vated, the system may automatically translate the stage to the
first filled microwell 420, drop the electrode assembly into the
sample and analyze the sample as discussed above. The sys-
tem may then retract the electrode assembly, translate the
stage to the next filled microwell 420, and then repeat the
process until all filled microwells 420 in the plate have been
analyzed.

[0105] Insome embodiments, the aforementioned automa-
tion may be effected by incorporating all three X/Y/Z trans-
lation into the electrode assembly, as opposed to giving the
stage X/Y translation and giving the electrode assembly Z
translation.

[0106] FIG. 5 illustrates a method for analyzing a liquid
sample using liquid rapid evaporative ionization of liquid
phase samples 500.

[0107] First at step 510, a liquid sample is guided to a
thermal evaporation ionizing device 150'.

[0108] Insomeembodiments, the liquid sampleis guided to
the thermal evaporation ionizing device 150" through a liquid
transfer system 130'. In some embodiments, the liquid sample
is conveyed along the liquid transfer system 130" via a pump
which may be any of a number of different types of pumps,
including representatively, syringe pumps, membrane
pumps, piston pumps, electrokinetic pumps, pumps employ-
ing Venturi’s principle, manual pumps, controller modulated
pumps, or any other mechanism that generates and sustains a
constant or stable flow rate, such as gravitational pumps or
vacuum pumps.

[0109] Next at step 520, the liquid sample is thermally
evaporated by the thermal evaporation ionizing device. In
some embodiments, the thermal evaporation ionizing device
is the thermal evaporation ionizing device 150 shown in FIG.
1. In some embodiments, the thermal evaporation ionizing
device is the thermal evaporation ionizing device 200 shown
in FIG. 2A. In some embodiments, the thermal evaporation
ionizing device is the thermal evaporation ionizing device
201 shown in FIG. 2B. In other embodiments, the thermal
evaporation ionizing device is the thermal evaporation ioniz-
ing device 202 shown in FIG. 2C. In yet other embodiments,
the thermal evaporation ionizing device is the thermal evapo-
ration ionizing device 310 shown in FIG. 3. In still other
embodiments, the thermal evaporation ionizing device is the
thermal evaporation ionizing device 438 shown in FIG. 4.
[0110] Next at step 530, the sample in its gaseous state is
directed to a sample analyzer where is it analyzed (e.g., to
obtain or provide information on the chemical composition of
the liquid sample).

[0111] FIG. 6 illustrates another flow chart of a method for
analyzing a liquid sample using liquid rapid evaporative ion-
ization of liquid phase samples 600.

[0112] First, at step 610, a liquid sample fluid to be ana-
lyzed is prepared by a user.

[0113] In some embodiments, step 610 may include filtra-
tion, HPLC, separation, precipitation, or any other sample
preparation method which may be helpful. In some embodi-
ments, step 610 may include mixing the sample of interest
with a carrier fluid to facilitate movement through the system.
[0114] Insomeembodiments, there is no preparation by the
user (i.e., step 610 is excluded).

[0115] Next, at step 620, the user injects the liquid sample
fluid into the system for liquid rapid evaporative ionization
mass spectrometry (embodiments of which are illustrated in
FIGS. 1, 3, and 4).
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[0116] In some embodiments, the liquid sample fluid
injected by the user is a prepared sample (such as filtered,
precipitated, etc.). In some embodiments, the liquid sample
fluid injected by the user is a combination of sample of inter-
est and carrier fluid.

[0117] Insome embodiments, the injection may be accom-
plished by physically injecting the liquid sample fluid into the
system, for example by coupling a syringe filled with some
volume of liquid sample fluid and depressing the syringe’s
plunger thereby causing the fluid to be forcefully injected into
the system. In other embodiments, other forms of entry may
be used, for example pouring, pipetting, vacuum, etc.

[0118] Next, at step 630, the liquid sample fluid is prepared
by the system for liquid rapid evaporative ionization mass
spectrometry for subsequent rapid evaporation and mass
spectrometry analysis.

[0119] In some embodiments, the liquid sample fluid
preparation effected by the system may include one or more
of the following: incorporation of carrier fluid, purification
(such as by HPLC), and individual constituent time-resolved
eluting (such as by phase extraction devices, liquid chromato-
graphs, and electrophoretic devices).

[0120] Insome embodiments, the system does not prepare
the liquid fluid sample in any manner (i.e., step 630 is
excluded).

[0121] Next, at step 640, the liquid sample fluid is conveyed
to the rapid evaporation device.

[0122] In some embodiments, the liquid sample fluid is
conveyed along the liquid transfer system 130 via a liquid
pump and or an injector device 120. In some embodiments,
such devices may be advantageously used to allow an evenly
metered or evenly variable flow rate. In other embodiments,
the liquid sample fluid is conveyed along the liquid transfer
system 130 in other ways such as gravity or a pressure differ-
ential (such as application of a vacuum).

[0123] Next, at step 650, the liquid sample fluid is con-
verted via thermal evaporation by the thermal evaporation
ionizing device 150 into a gas sample fluid which contains
some concentration of ionized species.

[0124] Insome embodiments, the thermal evaporation ion-
izing device 150 is a pair of electrodes (as illustrated in FIGS.
2A and 4), a hot surface (as illustrated in FIGS. 2B and 3), or
at least one beam of electromagnetic radiation (as illustrated
in FIG. 2C).

[0125] Next, at step 660, the gas sample fluid is prepared for
mass spectroscopic analysis.

[0126] In some embodiments in which a high (or higher)
concentration of ionic species is desired, the gas sample fluid
is prepared by using a post ionization device 160 (e.g., sec-
ondary ion source). In some embodiments, the postionization
device 160 may be an electrospray ion source. In other
embodiments, the post ionization device 160 may cause post-
ionization by interaction with ionic species or metastable,
electronically excited species originating from corona, glow
or arc discharge.

[0127] Insome embodiments, there is no post-evaporative
gas sample fluid preparation (e.g., step 660 is excluded).
[0128] Next, at step 670, the prepared gas sample fluid is
read/analyzed by the ion analyzer device 170.

[0129] In some embodiments, the ion analyzer device 170
separately detects ions by using/detecting one or more of their
chemically determined characteristics. In other embodi-
ments, the ion analyzer device 170 separately detects ions by
using/detecting one or more of their structurally determined
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characteristics. In yet other embodiments, the ion analyzer
device 170 separately detects ions by using/detecting one of
more of a combination of their chemically determined and
structurally determined characteristics. For example, the ion
analyzer device 170 may be a mass spectrometric analyzer
which uses mass-to-charge ratio as its basis for separation.
Alternatively, the ion analyzer device 170 may be an ion
mobility spectrometry analyzer which uses collisional cross
section and charge. In some embodiments, other types of
mass analyzers may be used, including, but not limited to any
of the various ion trap instruments and time-of-flight analyz-
ers.

[0130] Next, at step 675, the ion analyzer device 170 col-
lects raw mass spectrometry data.

[0131] In some embodiments, the raw mass spectrometry
data will be in the form of time-of-flight data. In other
embodiments, the raw mass spectrometry data will be mass-
to-charge ratio data. In yet other embodiments, the raw mass
spectrometry data will be collisional cross section and charge
data.

[0132] Next at step 680, the ion analyzer device 170 com-
municates the raw mass spectrometry data from the ion ana-
lyzer device 170 to the data analysis device 180.

[0133] Insome embodiments, the data analysis device 180
is a computer in data communication with the ion analyzer
device 170.

[0134] Next at step 690, the data analysis device 180 pro-
cesses the raw mass spectrometry data received from the ion
analyzer device 170, converting it from raw mass spectrom-
etry data to processed mass spectrometry data.

[0135] Next at step 695, the data analysis device 180 con-
veys the processed mass spectrometry data to the user.
[0136] Insomeembodiments, the data analysis device 180’
includes a device by which the analytical information may be
conveyed to a user. In some embodiments, information may
be conveyed in the form of full spectra on a screen or in
print-outs (for example print-out created by a printer con-
nected to the data analysis device 180). In other embodi-
ments, when only a positive/negative response is desired
(such as in urine drug testing) information may be conveyed
in a binary format, such as by an aural tone for positive, a
simple positive/negative result displayed on a monitor or
printout, etc. Any of a number of reporting methods may be
used depending on the application.

ILLUSTRATIVE EXAMPLES
Example 1

Quantitative Determination of Constituents of
Biological Samples by Liquid Chromatographic
Separation Followed by Evaporative Ionization Mass
Spectrometry (LREIMS)

[0137] Concentrations of biological sample constituents
may be determined by using high performance liquid chro-
matographic (HPLC) mass spectrometric methods. Biologi-
cal samples are generally prepared for analysis through lig-
uid/liquid extraction, solid phase extraction, precipitation of
proteins by organic solvents or any other of a number of
appropriate sample preparation methods used in analytical
chemistry.

[0138] In the case of protein precipitation by organic sol-
vents, an organic solvent (such as acetonitrile, methanol, or
any other solvent which is at least partially miscible with
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water) is added to the biological sample resulting in the pre-
cipitation of proteins. Precipitate proteins may then be
removed through centrifugation or filtration. Depending on
the sample composition, it may be necessary to adjust the
sample’s solvent composition or pH. Such adjustment may be
effected by adding solvents or buffer solution. Alternatively,
the sample may be completely dehydrated/evaporated
(thereby removing all solvent and aqueous species) then
reconstituted using only the appropriate and desired solvent
system.

[0139] The sample can be subjected to HPLC analysis by
injecting the appropriate volume of the sample into an HPLC
column. Typically, a reverse phase, octadecyl-silica packing
1s used, generally with the following properties: 1-5 um par-
ticle size, 10-250 mm column length, and 1-4.6 mm column
diameter. Constituents of the injected sample are eluted using
either constant composition of a carrier fluid (constant carrier
fluid concentration—known commonly as isocratic elution),
or by changing composition of a carrier fluid (changing car-
rier fluid concentration—known commonly as gradient elu-
tion). In this example, the carrier fluid is electrically conduc-
tive.

[0140] The system as described is advantageously compat-
ible with traditional buffer system (such as potassium or
sodium phosphate buffers) or any carrier liquid containing
high concentrations of organic or inorganic salts.

[0141] After HPLC, if HPLC is desired, the constituents of
the biological sample carried by the carrier liquid through the
fluid system are introduced into an ionizing device.

[0142] Inthis example, the ionizing device is comprised of
two cylindrical electrodes, each having a diameter of 5 mm
(or a surface area of approximately 78.540 mm?) the surfaces
of which are held at a fixed distance of 1 mm away from each
other. The surfaces of the electrodes are roughened mechani-
cally or electrochemically in order to obtain a high specific
surface area. The system used in this example is an embodi-
ment of that disclosed herein in FIGS. 1 and 2A.

[0143] Carrier liquid carrying the constituents of the bio-
logical samples (created in the aforementioned steps) is intro-
duced between the two electrodes of the evaporative ionizing
device. Direct or alternating current electric potential is
applied between the two electrodes. Such current may be
applied either continuously or intermittently.

[0144] In the case of continuous application of electric
potential difference between the two electrodes, the electri-
cally conductive carrier liquid closes or completes the electric
circuit thereby resulting in electric current flowing rapidly
through the carrier liquid/sample present between the two
electrodes. The high electric current rapidly increases the
temperature of the carrier liquid/sample to boiling thereby
resulting in evaporation of substantially all of the carrier
liquid/sample. This example used electric power values in the
order of approximately 10-100 W to see the desired evapora-
tion performance.

[0145] In the case of intermittent application of electric
potential difference between the two electrodes, accumula-
tion of carrier liquid between the electrodes may be moni-
tored by measuring the resistance between the two elec-
trodes—as the gap is filled by the electrically conductive
sample, the resistance decreases. Electric potential for evapo-
ration may be applied to the electrodes when the appropriate
amount of carrier liquid is present between the electrode
surfaces. Intermittent or discontinuous application of electric
current may render evaporation of the carrier liquid more
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reproducible that continuous application of electrical poten-
tial difference. In the cases of intermittent application of
electric current, the duty cycle of the ion analyzer may be
synchronized with the application of electric current and
therefore the production of ions.

[0146] As the carrier liquid is evaporated, the components
of the biological fluid sample are transferred to their gas phase
in both ionic and neutral forms. This formation of fully des-
olvated ions takes place easily at atmospheric pressures.
Alternatively, it may be done inside the sub-atmospheric
pressures required by the ion analyzer device.

[0147] TIon species entering the ion analyzer are separately
detected based on their different mass-to-charge ratio or their
different mobility (as is known, mass spectrometers are used
for mass-to-charge ratio based separation and detection while
ion mobility spectrometers are used for mobility-based sepa-
ration and detection). A combination of both mass spectrom-
etry and ion mobility spectrometry may also be used when
multiple components of biological samples undergo ioniza-
tion.

[0148] The intensity of ionic species detected by the ion
analyzer(s) corresponding to components of the original bio-
logical fluid sample is then used to extract information about
those components’ concentrations in the original biological
fluid sample.

Exaniple 2

Qualitative, Semi-Quantitative Determination of
Toxins in Urine by Evaporative Ionization Mass
Spectrometry (LREIMS)

[0149] Qualitative/semi-quantitative ~ determination of
toxic compounds in urine is a critical step in the differential
diagnosis of poisoning cases at emergency rooms. Since
therapy options and choices are largely dependent on the type
of toxin implicated, qualitative determination of toxins is
required in all such cases. Furthermore, it is crucial that the
urinalysis time demand be minimized.

[0150] Here, a syringe is filled with 1 ml of fresh urine and
placed into a syringe pump. A fluid transfer system (consist-
ing of a 1.588 mm outer diameter, 1.27 mm inner diameter
polytetrafluoroethylene (PTFE) tubing and appropriate con-
necting elements) is used to connect the syringe pump to an
evaporative ionizing device.

[0151] Inthiscase, the evaporative ionizing device consists
of a hollow ceramic cylinder (12.7 mm internal diameter and
25.4 mm long) equipped with external resistance heating. The
evaporative ionizing device used in this case is capable of
being heated to between 150° C. and 800° C. The system used
in this example is an embodiment of that disclosed herein in
FIG. 3. The fluid transfer system terminated in the interior
lumen of the ceramic cylinder evaporative ionizing device.

[0152] The syringe pump pumps the urine through the fluid
transfer system and out onto the pre-heated ceramic surface.
Constituents of the urine sample are converted to gaseous
ions and gaseous neutrals upon the rapid thermal evaporation
of the sample. The gaseous neutrals are ionized using an
electrospray source (spraying typically 1-100 pl, methanol/
water solvent solution in a 1:1 ratio) spraying through the
heated ceramic tubing. Electrosprayed charged droplets pick
up neutrals formed on the thermal evaporation of the liquid
urine sample. Charged droplets containing the relevant toxic
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constituents of the urine sample are evaporated in either the
heated ceramic tubing or in the sub-atmospheric pressure
regime of the ion analyzer.

[0153] Gaseous ions corresponding to the toxic constitu-
ents of the urine sample are analyzed by mass spectrometry
(based on the different mass-to-charge ratio of ionic species).
Note, ion mobility spectrometry could also be used (basing its
results on the different gas phase mobility of ionic species).
Tonic species separated by mass spectrometry could also
advantageously be subjected to tandem mass spectrometric
analysis and identified based on their fragmentation patterns.

Example 3

Diagnosis of Inborn Errors of Metabolism by the
Direct Evaporative Ionization Mass Spectrometric
Analysis of Urine Samples

[0154] Congenital metabolic errors are frequently screened
at the population level in developed countries. Currently used
screening methods however do not provide sufficiently
detailed information to establish a solid diagnosis and start
appropriate therapy. Therefore, patients identified to possess
such metabolic errors usually under further confirmatory
diagnostic testing, comprising the detailed analysis of various
bodily fluids with special emphasis on urine. Analysis of
urine samples has traditionally been performed by gas chro-
matography-mass spectrometry (GC-MS) methods, follow-
ing chemical derivatization of the samples. While GC-MS is
highly sensitive, it is time consuming and expensive. The
method disclosed herein, used in the following example can
reduce the time demand of analysis from several hours (in-
cluding sample preparation) to simply a few seconds.
[0155] 100 pl aliquots of urine were pipetted into round-
bottom 96 well microtiter plates. A pair of needle electrodes
was introduced into PTFE tubing (with 3.175 mm outer diam-
eter and 2.0 mm inner diameter) such that the two electrodes
extended from the proximal end of the tubing. The distal end
of the tubing was directly connected to a high resolution mass
spectrometer.

[0156] The electrode tips were immersed into the urine
samples (individually) 300V, , 330 Hz alternating electrical
potential was applied to the electrodes for three seconds. The
aerosol formed on the thermal evaporation of the urine
sample was directly introduced into the atmospheric interface
of the high resolution mass spectrometer. The system used in
this example is an embodiment of that disclosed herein in
FIG. 4.

[0157] The high resolution mass spectrometer was able to
detect positive molecular ions of medium chain acyl-car-
nitines in positive ion mode. Positive molecular ions of
medium chain acyl-carnitines are a marker produced by
patients suffering from medium chain acyl-coenzyme A
dehydrogenase deficiency. The high resolution mass spec-
trometer was also able to detect various dicarboxylic acids
and acyl-glycines in negative ion mode.

[0158] FIG. 7 illustrates a spectrum produced using an
embodiment of the system disclosed in FIG. 4. The mass
spectrum was obtained from a urine sample analyzed 8 hours
after the ingestion of 100 mg of paracetamol. Peak 1 710
corresponds to the sodiated molecular ion of the drug. Peak 2
720 corresponds to the potassiated molecular ion of the drug.
FIG. 7 demonstrates that this system may be used as an
accurate and effective mechanism for liquid mass spectrom-

etry.
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[0159] FIG. 8 illustrates spectra from separate urinalyses
obtained using an embodiment of the system disclosed in
FIG. 4. FIG. 8A illustrates the urinalysis spectrum obtained
from a healthy individual while F1G. 8B illustrates the uri-
nalysis spectrum obtained (in negative ion mode) from an
individual suffering from medium chain acyl-CoA dehydro-
genase deficiency (MCADD). As can be seen from the spec-
tra, peak 1 810 in FIG. 8B is significantly higher than peak 1
810 in FIG. 8A. Furthermore, peak 2 820 in FIG. 8B is not
present in FIG. 8A. Both of these abnormal peaks are indica-
tors of MCADD. Therefore, FIG. 8 establishes that this sys-
tem may be used as an accurate and effective mechanism for
detecting MCADD simply through urinalysis.

[0160] The liquid REIMS systems 100, 200, 300, 400 and
thermal evaporation ionizing devices 150, 200,201, 202, 310,
438 disclosed herein have several advantages over currently
available systems which render its use highly advantageous in
many scenarios. The system disclosed provides for a very
easy mass-spectrometric or ion-mobility spectrometric
analysis of fluid samples while eliminating the problem of
clogging due to the presence of solid, floating material expe-
rienced by spray ionization. Additionally the system dis-
closed herein eliminates problems created by widely varying
sample viscosities, high concentrations of either organic or
inorganic salts in fluid samples (such as phosphate buffers or
sodium chloride), and high degrees of chemical complexity.
Moreover, liquid REIMS is particularly well suited to the
addition of a secondary ionization source, does not require
expensive and sophisticated high-pressure hardware, is com-
patible with solid phase REIMS systems, permits very rapid
sample preparation, and lastly is highly robust.

[0161] Of course, the foregoing description is of certain
features, aspects and advantages of the present invention, to
which various changes and modifications can be made with-
out departing from the spirit and scope of the present inven-
tion. Thus, for example, those skill in the art will recognize
that the invention can be embodied or carried out in a manner
that achieves or optimizes one advantage or a group of advan-
tages as taught herein without necessarily achieving other
objects or advantages as may be taught or suggested herein. In
addition, while a number of variations of the invention have
been shown and described in detail, other modifications and
methods of use, which are within the scope of this invention,
will be readily apparent to those of skill in the art based upon
this disclosure. It is contemplated that various combinations
or sub-combinations of the specific features and aspects
between and among the different embodiments may be made
and still fall within the scope of the invention. Accordingly, it
should be understood that various features and aspects of the
disclosed embodiments can be conbined with or substituted
for one another in order to form varying modes of the dis-
cussed devices, systems and methods (e.g., by excluding fea-
tures or steps from certain embodiments, oradding features or
steps from one embodiment of a system or method to another
embodiment of a system or method).

What is claimed is:
1. A method for analyzing liquid phase samples, compris-
ing
guiding a liquid sample to an ionizing device; and
thermally evaporating the liquid sample with the ionizing
device at arate sufficient to convert one or more molecu-

lar components of the liquid sample to one or more
gaseous ions and neutral particles.
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2. The method of claim 1, further comprising exposing the
neutral particles to a secondary ion source such that the neu-
tral particles interact with one or more charged particles pro-
duced by the secondary ion source to convert at least one of
the neutral particles to a gaseous ion, said secondary ion
source chosen from the group consisting of an electrospray
ion source, a corona discharge ionization source, a glow dis-
charge ionization source, an atmospheric pressure chemical
ionization source, a dielectric barrier discharge, and an elec-
tromagnetic ionization source.

3. The method of claim 1, further comprising analyzing
said gaseous ions with an ion analyzer device to provide
information on the chemical composition of the liquid
sample.

4. The method of claim 3, further comprising applying an
electrostatic potential between the ionizing device and the ion
analyzer device.

5. The method of claim 3, wherein the ion analyzer device
is a mass spectrometer or ion mobility spectrometer.

6. The method of claim 3, wherein the liquid sample is a
biological fluid sample and said information is used to estab-
lish a medical diagnosis.

7. The method of claim 1, wherein guiding comprises
flowing the liquid sample through a conduit upstream of the
ionizing device.

8. The method of claim 7, wherein flowing the liquid
sample comprises continuously flowing the liquid to the ion-
izing device.

9. The method of claim 1, wherein thermally evaporating
the liquid sample comprises applying an electric current to
the liquid sample as the liquid sample passes through a gap
between a pair of electrodes.

10. The method of claim 9, wherein applying an electric
current comprises applying an alternating current.

11. The method of claim 9, wherein applying an electric
current comprises applying a direct current.

12. The method of claim 9, wherein applying the electric
current to the liquid sample, comprises applying electric
power of between about 1 W and about 100 W to the liquid
sample.

13. The method of claim 9, further comprising directing at
least the one or more neutral particles through a post-ioniza-
tion device such that the one or more neutral particles interact
with charged particles produced by the post-ionization device
to convert at least one of the neutral particles to gaseous ions.

14. The method of claim 1, wherein thermally evaporating
the liquid sample comprises heating the liquid sample when it
contacts a heated inner surface of a cylinder of the ionizing
device into which the sample flows, said surface heated to
temperature above the boiling point of the liquid sample and
below the Leidenfrost temperature of the liquid sample.

15. The method of claim 14, further comprising exposing
the one or more neutral particles to charged particles pro-
duced by an electrospray secondary ionization device to con-
vert at least one of the neutral particles to a gaseous ion.

16. The method of claim 1, wherein thermally evaporating
the liquid sample comprises heating the liquid sample via
contact with a heated surface of the ionizing device onto
which the liquid sample is dripped, the heated surface hated to
atemperature above the boiling point of the liquid sample and
below the Leidenfrost temperature of the liquid sample.

17. The method of claim 16, further comprising exposing
the one or more neutral particles to charged particles pro-
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duced by an electrospray secondary ionization device to con-
vert at least one of the neutral particles to gaseous ions.

18. The method of claim 1, wherein thermally evaporating
the liquid sample comprises heating the liquid sample via
electromagnetic radiation from one or more lasers as said
liquid sample passes through a focal point of said one or more
lasers.

19. The method of claim 1, wherein thermally evaporating
the liquid sample comprises heating the liquid sample via an
electric current between a pair of electrodes inserted into a
microwell of a microtiter plate into which the liquid sample is
delivered, the electrode being at least partially submerged in
the liquid sample.

20. A system for analyzing liquid phase samples, compris-
ing

aconduit configured to guide aliquid sample therethrough;

athermal evaporation ionizing device configured to receive

the liquid sample from the conduit, the ionizing device
configured to thermally evaporate the liquid sample at a
rate sufficient to convert one or more molecular compo-
nents of the liquid sample into one or more gaseous ions
and neutral particles; and

a transport device configured to receive the one or more

gaseous ions from the ionizing device.
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