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MEMBRANE DETECTOR FOR
TIME-OF-FLIGHT MASS SPECTROMETRY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority under 35
U.S.C. 119(e) to U.S. Provisional Patent Application 61/492,
445 filed Jun. 2, 2011, which is hereby incorporated by ref-
erence in its entirety to the extent not inconsistent with the
disclosure herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
FA9550-08-1-0337 awarded by the USAF/AFOSR. The gov-
ernment has certain rights in the invention.

BACKGROUND OF INVENTION

Over the last several decades, mass spectrometry has
emerged as one of the most broadly applicable analytical
tools for the detection and characterization of a wide class of
molecules. Mass spectrometric analysis is applicable to
almost any chemical species capable of forming an ion in the
gas phase, and, therefore, provides perhaps the most univer-
sally applicable method of quantitative analysis. In addition,
mass spectrometry is a highly selective technique especially
well-suited for the analysis of complex mixtures comprising
different compounds in varying concentrations. Further, mass
spectrometric analysis methods can provide detection sensi-
tivities approaching tenths of parts per trillion for some ana-
lytes. As a result of these attributes, a great deal of attention
has been directed over the last several decades at developing
mass spectrometric methods for analyzing biomolecules,
such as peptides, proteins, lipids and oligonuceotides in bio-
logical samples.

Mass spectrometric analysis involves three fundamental
processes: (1) gas phase ion formation, (2) mass analysis
whereby ions are separated on the basis of mass-to-charge
ratio (m/z), and (3) detection of ions subsequent to separation.
The overall efficiency of a mass spectrometer (overall effi-
ciency=(analyte ions detected)/(analyte molecules con-
sumed)) may be defined in terms of the efficiencies of each of
these fundamental processes by the equation:

Engs=EpxEp4xEp,

@
wherein:

E, s is the overall efficiency;

Er is the ion formation efficiency=(analyte ions formed)/

(analyte molecules consumed during ion formation),

E, ., is the mass analysis efficiency=(analyte ions mass ana-
lyzed)/(analyte ions consumed during analysis), and

E, is the detection efficiency=(analyte ions detected)/(ana-
lyte ions consumed during detection).

Despite wide adoption of mass spectrometry for identify-
ing and characterizing biomolecules, conventional state of
the art mass spectrometers have surprisingly low overall effi-
ciencies for these compounds. For example, a quantitative
evaluation of the efficiency of a conventional orthogonal
injection time-of-flight mass spectrometer (Perseptive Bio-
systems Mariner) for the analysis of a sample containing a 10
kDa protein yields the following efficiencies, Eg~=1x107%,
E,,,~8x1077 and E,,=9x107>, providing an overall efficiency
of the mass spectrometer of 1 part in 102, As a result of low
overall efficiency, conventional mass spectrometric analysis
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of biomolecules typically requires large samples and is
unable to achieve the ultra-low sensitivity needed for many
important biological applications, such as single cell analysis
of protein expression and post-translational modification.
Therefore, there is a significant need in the technical field for
more efficient ion preparation, analysis and detection tech-
niques to enhance the utility of mass spectrometric analysis
for target applications in biology and biochemistry.

Over the last decade, new ion preparation methods have
revolutionized mass spectrometric analysis of biological
molecules. These new ionization methods, which include
matrix assisted laser desorption and ionization (MALDI) and
electrospray ionization (ESI), provide greatly improved ion-
ization efficiency for a wide range of compounds having
molecular weights up to several hundred KiloDaltons. More-
over, MALDI and ESI ionization sources have been success-
fully integrated with a wide range of mass analyzers, includ-
ing quadrupole mass  analyzers, time-of-flight
instrumentation, magnetic sector analyzers, Fourier trans-
form—ion cyclotron resonance instruments and ion traps, to
provide selective identification of polypeptides and oligo-
nucleotides in complex mixtures. Mass determination by
time-of-flight (TOF) analysis has proven especially well-
suited for the high molecular weight biomolecules ionized by
ESI and MALDI techniques because TOF has no intrinsic
limit to the mass range accessible, provides high spectral
resolution and has fast temporal response times. Use of time-
of-flight mass analysis with EST and MALDI ion sources for
proteomic analysis is described in detail by Yates in Mass
Spectrometry and the Age of the Proteome, Journal of Mass
Spectrometry, Vol. 33, 1-19 (1998). As a result of these
advances, MALDI-TOF and ESI-TOF have emerged as the
two most commonly used ionization techniques for analyzing
complex samples containing biomolecules.

Although integration of modern ionization techniques and
time-of-flight analysis methods has expanded the mass range
accessible by mass spectrometric methods, complementary
ion detection methods suitable for time of flight analysis of
high molecular weight compounds, including many biologi-
cal molecules, remain considerably less well developed.
Indeed, effective upper limits of mass ranges accessible by
state of the art MALDI-TOF and ESI-TOF analysis tech-
niques are limited by the sensitivity of conventional ion detec-
tors for high molecular weight ions. Conventional multichan-
nel plate (MCP) detectors, for example, exhibit sensitivities
that decrease with ion velocity, which in the context of time of
flight analyzers corresponds to a decrease in sensitivity with
increasing molecular weight.

MCP detectors are perhaps the most pervasive ion detec-
tors currently used in ESI-TOF and MALDI-TOF mass spec-
trometry. These detectors operate by secondary electron
emission and typically comprise a parallel array of miniature
channel electron multipliers. Typically the channel diameters
are in the range of 10 to 100 microns with the lengths of the
channels in the neighborhood of 1 mm. Each channel operates
as a continuous dynode structure, meaning that it acts as its
own dynode resistor chain. A potential of about 1 to 2 kV is
placed across each channel. When an energetic, ionized mol-
ecule enters the low potential end of the channel and strikes
the wall of the channel it produces secondary electrons which
are in turn accelerated along the tube by the electric field.
These electrons then strike the wall generating more elec-
trons. The process repeats many times until the secondary
electrons emerge from the high potential end of the channel.
Generally speaking for each molecule which initiates a cas-
cade, 10* electrons emerge from the channel providing sig-
nificant gain. The electron cascade formed is collected at an
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anode and generates an output signal. MCP detectors can be
made in large area format which is useful for analysis of
packets of ions in TOF systems.

A number of limitations of MCP detection systems arise
out of the impact-induced mechanism governing the genera-
tion of secondary electrons. First, the yield of secondary
electrons in a MCP detector decreases significantly as the
velocities of ions colliding with the surface decreases. As
time-of-flight detectors accelerate all ions to a fixed kinetic
energy, high molecular weight ions have lower velocities and,
hence, lower probabilities of being detected by MCP detec-
tors. Second, the secondary electron yield of MCP detectors
also depends on the composition, size and structure of collid-
ing gas phase ions. Third, it is also established that once a
cascade has been initiated within a channel, it is depleted of
electrons. Due to the high resistivity of the channel, the time
required to replace these electrons is several orders of mag-
nitude larger (milliseconds) than the duration of the TOF
measurement (microseconds). Thus, for a single TOF event a
channel is rendered inactive (“deadtime”) after a single cas-
cading event, thus each successive packet of ions impinging
on the detector has fewer and fewer active channels available
to it.

As apparent to those skilled in the art of mass spectrometry,
these limitations impact the utility of MCP detectors for cer-
tain mass spectrometry applications by hindering quantitative
analysis of samples containing high molecular weight
biopolymers. Accordingly, a need currently exists for ion
detectors for mass spectrometry that do not exhibit decreas-
ing sensitivities with increasing molecular weight and that do
not have sensitivities dependent on the composition and
structure of gas phase ions analyzed.

U.S. Patent Publication No. 2007/0023621, published Feb.
1, 2007, U.S. Patent Publication No. 2009/0321633, pub-
lished Dec. 31, 2009, and U.S. Patent Publication No. 2010-
0320372, published Dec. 23, 2010, disclose detectors for
mass spectrometry having a nano- or microstructured mem-
brane geometry. In these systems, impact of ions on a receiv-
ing surface of an electrically biased semiconductor mem-
brane generates field emission from the membrane. The
references provide modeling data and experimental results
showing that measurement of field emission from the mem-
brane as a function of time provides a means for detecting and
analyzing ions, for example, by determination of the flight
times of ions separated on the basis of mass to charge exiting
a time of flight analyzer.

It will be appreciated from the foregoing that there is cur-
rently a need in the art for methods, systems and devices for
detecting and analyzing molecules having large molecular
masses. Specifically, detection methods and systems provid-
ing sensitive detection of large molecular mass molecules are
needed that are capable of effective integration with conven-
tional mass spectrometry systems, such as TOF analysis sys-
tems. Sensors and analyzers are needed for mass spectrom-
etry applications that do not exhibit decreases in sensitivity as
a function of molecular mass, and that are capable of fast
readout and good temporal resolution.

SUMMARY OF THE INVENTION

The invention provides methods, and related devices and
device components, for detecting, sensing and analyzing ana-
lytes in samples. In some aspects, the invention provides
methods, and related devices and device components, useful
in combination with a mass analyzer for the mass spectro-
metric analysis of analytes derived from biomolecules in
biological samples including biological fluids, cell extracts,
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cell lysates, and small viruses & mutants. Methods of some
aspects of the invention utilize a thin membrane-based detec-
tor as a transducer for converting the kinetic energies of
analytes into a field emission signal via excitation of
mechanical vibrations in an electromechanically biased
membrane by generation of a thermal gradient. The invention
also provides methods for analyzing the field emission output
of a thin membrane-based detector to provide measurements
of'the flight times, abundance, mass-to-charge ratios, molecu-
lar mass and/or composition of analytes comprising ions
separated on the basis of mass-to-charge ratio by a mass
analyzer.

Detectors of the present invention provide high detection
sensitivities over a useful range of molecular masses ranging
from a few Daltons up to 10 s of megadaltons. In some
embodiments, the present methods and systems achieve use-
ful detection sensitivities that do not significantly vary as a
function of velocity or molecular mass, in contrast to many
conventional MCP detectors. In some embodiments, meth-
ods, devices and device components of the present invention
provide for the detection ions derived from a range of mol-
ecules, including biomolecules such as proteins, peptides and
oligonucleotides. In some embodiments, the present methods
and systems provide for the detection of analytes with good
temporal resolution and sensitivity, and therefore, are well
suited for mass spectrometry applications including proteom-
ics, micro-array analysis and the identification of biomarkers.
In some embodiments, the present systems and methods pro-
vide a versatile detection platform compatible with a range of
state of the art ionization systems, including MALDI and ES
ionization systems, and mass analyzers, including time-of-
flight mass analyzers, quadrupole analyzers and ion trap ana-
lyzers.

In an aspect, the invention provides a method of detecting
analytes, the method comprising: a) providing a detector
comprising: a membrane having a receiving surface for
receiving the analytes, and an internal surface positioned
opposite to the receiving surface, wherein the membrane is a
material selected from the group consisting of a semiconduc-
tor, a metal and a dielectric material, and wherein the mem-
brane has a thickness selected from the range of 5 nanometers
to 50 microns; a holder for holding the membrane, wherein
said holder contacts said membrane at one or more contact
points; an extraction electrode positioned so as to establish an
applied electric field on the internal surface of the membrane
or an electron emitting layer provided on the internal surface
of'the membrane, thereby causing emission of electrons from
the internal surface or the electron emitting layer; and an
electron detector positioned to detect at least a portion of the
electrons emitted from the internal surface or the electron
emitting layer; b) generating a non-uniform temperature dis-
tribution along a thickness dimension, lateral dimension, ver-
tical dimension or any combination of these of the membrane
by contacting the receiving surface with the analytes, thereby
exciting a mechanical deformation of the membrane that
modulates the emission of electrons from the internal surface
of the membrane or the emitting layer; and c) detecting the
electrons emitted from the internal surface of the membrane
or the emitting layer. In an embodiment, the membrane is in
an electromechanically biased state provided by the holder
and extraction electrode. The extraction electrode of the cur-
rent invention may optionally be a gating electrode. As used
herein, the term “electromechanically biased” refers to a
combination of voltage biasing and mechanical biasing. In an
embodiment, for example, the extraction electrode provides
standard voltage biasing and the holder provides built in
strain within the membrane, providing a configuration which



US 8,507,845 B2

5

can lead to a ‘bulging’ in one or the other direction, which
effectively shows up as a field emission current modulation.
Inan embodiment, the membrane is an overdamped oscillator
due to the contact points provided by the holder, for example,
an overdamped harmonic oscillator. In an embodiment, the
method of the invention further comprises the step of gener-
ating analytes comprising ions from a sample containing
biomolecules. In an embodiment, the method of the invention
further comprises the step of spatially separating packets of
the analytes on the basis of mass-to-charge ratio prior to
contact with the receiving surface of the membrane.

In an embodiment, electrons are emitted from the internal
surface of the membrane, or an electron emitting layer pro-
vided thereon, via field emission, for example, via field emis-
sion generated by the electrical biasing of the membrane
and/or emitting layer provided by the extraction electrode. In
an embodiment, electrons emitted from the membrane or
emitting layer are detected in real time, for example, to pro-
vide measurement of a temporal profile of the field emission
before, during and after impact of the analyte on the receiving
surface. In an embodiment, the emission of electrons from the
internal surface of the membrane, or an electron emitting
layer provided thereon, varies as a function of time as a result
of mechanical deformation and excitation of vibration of the
membrane. In an embodiment, detection of field emission
from the membrane and/or emitting layer provides an output
signal that is subsequently analyzed to provide one or more
measurement of a characteristic of the analytes, such as the
flight time, intensity, mass-to-charge ratio, and/or composi-
tion of the analyte.

In some methods of the invention, generation of a non-
uniform temperature distribution by contact of an analyte(s)
with the membrane achieves a selective modulation of the
field emission from the membrane so as to provide a detection
sensitivity that is substantially independent of the velocity or
mass of analytes contacting the receiving surface. As used
here, a “non-uniform temperature distribution” refers to tem-
peratures that vary within, or across, the membrane and/or on
a surface of the membrane, and optionally a variation in
temperature on, or within, the membrane that exceeds ther-
mal fluctuation of ambient temperature. In some embodi-
ments, for example, an increase in the local temperature of the
membrane, or a portion thereof, is induced by impact of an
ion, or packet of ions, on the receiving surface of the mem-
brane. In some embodiments, the increase in temperature is
proportional to the kinetic energy of analytes contacting the
receiving surface and/or the acceleration voltage of analytes
separated on the basis of mass-to-charge ratio.

In some embodiments, generation of a non-uniform tem-
perature distribution, such as a thermal gradient, in or on the
membrane, results in thermomechanical forces that provides
deformation and excitation of a vibration of the membrane.
The invention includes methods and systems wherein a plu-
rality of vibrations (or a plurality of different vibrational
modes) is excited by the non-uniform temperature distribu-
tion in, or on, the membrane. The vibration(s) excited by the
non-uniform temperature distribution modulates the distance
between the internal surface of the membrane and the extrac-
tion electrode, thereby changing the electrical biasing of the
membrane as a function of time. Accordingly, the intensity of
electrons emitted from the internal surface, or emitting layer
provided thereon, changes as the vibration is excited and
subsequently rings down in the membrane. The time evolu-
tion of the emission, therefore, is used in some of the present
methods to detect and provide a measurement of a character-
istic of the analytes.
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In an embodiment, the non-uniform temperature distribu-
tion is established along one or more thickness dimension,
lateral dimension, vertical dimension, or any combination of
these dimensions of the membrane. In an embodiment, for
example, the non-uniform temperature distribution is along at
least a portion of the thickness of the membrane, for example,
along at least a portion of a thickness dimension of the mem-
brane along an axis that intersects the receiving surface, the
internal surface or both the receiving surface and the internal
surface. In an embodiment, for example, the non-uniform
temperature distribution is along one or more lateral dimen-
sions, vertical dimensions or any combination of lateral
dimensions and vertical dimension of the membrane. As used
herein, lateral and vertical dimensions refer to axis on or
within the membrane that are orthogonal to the thickness
dimension, for example, axis that are parallel to at least a
portion of the plane of the receiving surface, the internal
surface or both the receiving surface and the internal surface.
In an embodiment, a lateral dimension is a length and a
vertical dimension is a height. In an embodiment, for
example, the non-uniform temperature distribution extends to
one or more contact points or a region of the membrane within
100 nanometers of a contact point(s), and optionally a region
of the membrane within 20 nanometers of a contact point(s).
In an embodiment, for example, the non-uniform temperature
distribution increases the temperature of the membrane at one
or more of the contact points or a region of the membrane
within 100 nanometers of a contact point(s)), and optionally
a region of the membrane within 20 nanometers of a contact
point(s). In an embodiment, for example, the non-uniform
temperature distribution extends to one or more edges of the
membrane, for example, edges of the membrane proximate
(e.g. within 100 nm or within 20 nm) to the contact points
with the holder.

In some of the present methods, a non-uniform temperature
distribution is generated having a magnitude sufficient to
excite and/or establish a mechanical deformation of the mem-
brane useful for generating a field emission signal for detect-
ing and analyzing analytes. In an embodiment, for example,
the mechanical deformation of the membrane is a nonstatic
deformation. In an embodiment, for example, the mechanical
deformation of the membrane is an elastic deformation. In an
embodiment, for example, the non-uniform temperature dis-
tribution is greater than the average thermal fluctuation at a
temperature of 298 K. The non-uniform temperature distri-
bution of the membrane can be characterized in some
embodiments as a thermal gradient that is a function of time,
a function of position within, or on, the membrane, or as a
function of both the time and position within, or on, the
membrane. In some embodiments, for example, the non-
uniform temperature distribution is characterized by a ther-
mal gradient greater than or equal to 90K/nm, optionally
greater than or equal to 250 K/nm. In some embodiments, for
example, the non-uniform temperature distribution is charac-
terized by a thermal gradient selected over the range of 90K/
nm to 910K/nm, optionally selected over the range of 200K/
nm to 600K/nm. In some embodiments, for example, the
non-uniform temperature distribution is characterized by an
increase in temperature at a rate greater than or equal to
7.9x10'2K/sec, and optionally an increase in temperature at a
rate selected over the range of 7.9x10"*K/sec to 8.03x10"° K/
sec, and optionally an increase in temperature at a rate
selected over the range of 1.5x10"*K/sec to 5x10"*K/sec. In
an embodiment, the maximum membrane temperature is as
large as 1200K, and optionally the maximum membrane tem-
perature is selected over the range of 700 to 800K.
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In some embodiments, the non-uniform temperature dis-
tribution is characterized by a maximum temperature of the
membrane or portion thereof, at some point during or after the
analyte comes in contact with the receiving surface. In some
embodiments, for example, the maximum temperature of the
membrane is less than the melting point temperature of the
electron emitting layer and/or the membrane so as to avoid
degradation of the detector during measurement. In some
embodiments, the maximum temperature of the membrane is
equalto 1415° C., and optionally for some applications 3550°
C. In an embodiment, for example, the temperature at the
moment of impact with the receiving surface within the
phonon and electron mean free path is higher than the equi-
librium temperature of the membrane or an absorber layer
provided on the membrane.

Insome of the present methods, a non-uniform temperature
distribution is generated having selected spatial properties for
exciting and/or establishing a mechanical deformation useful
for generating a field emission signal for detecting and ana-
lyzing analytes. In some embodiments, for example, the non-
uniform temperature distribution is characterized by a ther-
mal gradient extending a distance in the membrane selected
from the electron and phonon mean-free path to the entire
thickness of the membrane. In some embodiments, for
example, the non-uniform temperature distribution is charac-
terized by a thermal gradient extending a distance of 1x
1073% to 100% of the thickness of the membrane, optionally
for some embodiments 0.1 to 100% and optionally for some
embodiments 1 to 100% of the thickness of the membrane. In
some embodiments, for example, the non-uniform tempera-
ture distribution is characterized by a thermal gradient
extending a distance of 3 nm to 50 um along the thickness of
the membrane and optionally for some embodiments a dis-
tance of 100 nm to 50 um along the thickness of the mem-
brane.

In some methods of the invention, the mechanical defor-
mation of the membrane excites a mechanical vibration of the
membrane, for example, resulting in mechanical vibration of
the membrane in a manner that selectively changes the dis-
tance between the internal surface, or an emitting layer pro-
vided thereon, and the extraction electrode. This mechanical
vibration is capable, therefore, of changing as a function of
time the electric potential on the internal surface, or an emit-
ting layer provided thereon, thereby resulting in selective
modulation of the intensity of field emission. In an embodi-
ment, for example, the mechanical vibration changes a dis-
tance separating the internal surface from the extraction elec-
trode as a function of time. In an embodiment, for example,
the internal surface or electron emitting layer in an original
state and the extraction electrode are separate by a separation
distance, wherein the mechanical vibration is characterized
by a change of position of the membrane from an original
state up to the separation distance between the electron emit-
ting layer in the original state and the extraction electrode. In
an embodiment, for example, the mechanical vibration is
characterized by a change of position from an original state of
the membrane to a distance between the original state of the
membrane and the extraction electrode, for example, a dis-
tance selected over the range of 0.1 ym to 127 pm. In an
embodiment, the mechanical vibration is characterized by a
periodic oscillation of the membrane, for example, a har-
monic oscillation. In an embodiment, the mechanical vibra-
tion is a periodic oscillation having a frequency selected over
the range of 1 MHz to 100 MHz, and optionally for some
applications selected over the range of 1 kHz to 10 GHz.

The methods of the invention may further comprise a num-
ber of additional steps prior to contacting the receiving sur-

20

25

30

35

40

45

50

55

60

65

8

face. Optional steps of the present methods include purifica-
tion of analyte in a sample, for example, via chromatographic
separation, prior to contacting the receiving surface. Optional
steps of the present methods include generation of an analyte
comprising analyte ions, for example, via electrospray ion-
ization or MALDI techniques, prior to contacting the receiv-
ing surface of the membrane. Optional steps of the present
methods include separating the analytes on the basis of mass-
to-charge ratio prior to contacting the receiving surface, for
example, by providing the analytes to a mass analyzer prior to
contacting the receiving surface of the membrane. Optional
steps of the present methods include passing the analytes
through a flight tube to achieve physical separation of packet
of analytes comprising ions on the basis of mass-to-charge
ratio prior to contacting the receiving surface of the mem-
brane. Optional steps of the present methods include accel-
erating the analytes so the analytes have a preselected average
kinetic energy upon contacting the receiving surface of the
membrane, such as a preselected average kinetic energy
selected over the range of 0.1 keV-100 keV.

In some aspects, the methods of the invention further com-
prise the step of measuring and analyzing the field emission
from the membrane as a function of time to determine a
characteristic of the analytes, such as intensity, amount, mass-
to-charge ratio, molecular mass and/or composition. The
present methods include, measurement and analysis of a tem-
poral profile of the field emission, for example, by measuring
the intensity of field emission from the membrane or emitting
layer as a function of time. The present methods include
analysis of the temporal profile of the emission to identify
and/or characterize one or more peak, maximum value, full
width at half maximum, slope, leading edge, integrated inten-
sity or combination of these corresponding to a feature (e.g.,
peak, etc.) in the temporal profile of electron emission.

A specific method of the invention, for example, further
comprises measuring intensities of the electrons emitted from
the membrane or emitting layer as a function of time, thereby
generating a response signal characterized by one or more
peaks at different times, wherein each peak is characterized
by a maximum value. In an embodiment, for example, the
response signal characterized by one or more peaks at differ-
ent times, and optionally characterized by a series of peaks. In
an embodiment, for example, the method further comprises
the steps of: (1) identifying a peak corresponding to an earli-
est time, such as the first peak in a response signal; and (2)
determining the maximum value corresponding to the iden-
tified peak, such as the first peak. In an embodiment, the term
“peak” refers to a peak in the temporal profile of electron
emission. In an embodiment, for example, the peak refers to
the oscillation peak of the membrane which modulates the
intensity of field emission. In an embodiment, for example,
the maximum value determined is proportional to the amount
of the analytes contacting the receiving surface of the mem-
brane. As used herein, the term “amount” refers to the inten-
sity, concentration or number of analytes contacting the
receiving surface. In an embodiment, for example, the maxi-
mum value is proportional to the kinetic energy of the ana-
lytes contacting the receiving surface of the membrane. In an
embodiment, for example, the present methods further com-
prise the step of determining a detection time corresponding
to the maximum value, wherein the detection time is propor-
tional to a flight time of the analytes. In some embodiments,
for example, the flight time of the analytes is further analyzed
to determine the mass-to-charge ratio and/or composition of
the analytes.

A specific method of the invention further comprises the
step of determining a width of the first peak, wherein the
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width can be related to a measurement of a characteristic of
the vibration(s) of the membrane excited by the non-thermal
distribution and, in some instances, the thermal background
noise. In some embodiments, the width corresponds to half of
a period (1/frequency) of the oscillation (e.g., mechanical
vibration) of the membrane. The characteristic frequency
may be determined by the geometry of the membrane, such as
thickness, side length, and stretching force along the mem-
brane edge, and the thickness and Young’s modulus (i.e.
material parameters), and it is noted that more than one vibra-
tional mode can be excited in methods of the invention.

A specific method of the invention further comprises the
step of determining a slope of a feature in the temporal profile
of the emission, for example, a slope corresponding to the
leading edge of the ion packet. In some embodiments, for
example, the slope corresponds to a measurement of the
amount of the analytes contacting the receiving surface and
mass broadening due to an isotope distribution of the ana-
lytes. In an embodiment, the slope of the leading edge of the
ion packet may be determined by the number of'ions in anion
packet and the mass broadening due to isotope distribution.
The number of ions in an ion packet, for example, may be a
function of the laser intensity and molar concentration of the
protein sample.

The physical dimensions, composition and physical prop-
erties of the membrane are selected in some methods and
systems so that it can efficiently couple the kinetic energy of
the analytes into vibration of the membrane via formation of
a non-uniform temperature distribution. Preferably for some
applications, the membrane is able to achieve a high conver-
sion efficiency of kinetic energy from molecules contact-
ing the membrane to thermal energy capable of exciting
vibration(s) in the membrane. Use of semiconductor mem-
branes is beneficial for some embodiments so as to provide
mechanical and electronic properties useful for generation of
field emission in the present methods and systems. In an
embodiment, for example, the membrane comprises a semi-
conductor material, such as a single crystalline semiconduc-
tor material and/or a doped semiconductor material. In an
embodiment, for example, the membrane comprises a metal.
In an embodiment, for example, the membrane comprises a
material selected from the group consisting of an elemental
semiconductor, II/V semiconductor, a III/V-semiconductor
and any combinations thereof. In an embodiment, for
example, the membrane comprises one or more materials
selected from the group consisting of Si, Ge, Si;N,,, diamond,
graphene, Al, Ga, In, As and any combinations thereof. In
some embodiments, for example, the membrane comprises
one or more materials selected from the 3rd and 5th columns
of the periodic table of elements. Although, their processing
routines are a bit different, use of I1I/V semiconductor mate-
rials provides important benefits including: (i) these so-called
11I/V-nanomembranes are optically active, i.e. under proper
electrical bias conditions they can send out visible light, and
(i1) these materials are also piezoelectric, i.e. an applied volt-
age can lead to a mechanical displacement of the nanomem-
brane. The piezoelectric aspect enables, for example, in-situ
fine-tuning of the biasing point for field emission. An opti-
cally active nanomembrane has the advantage that field emis-
sion is no longer required. Instead the impact of ions on one
side of the nanomembrane detector stimulates light emission
on the other side. This light will be similar in wavelength
distribution as what is obtained from classical LEDs. For
appropriately designed nanomembranes coherent light emis-
sion can also be obtained.

In an embodiment, for example, the membrane has a thick-
ness dimension, such as an average thickness over the active
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area, less than or equal to 10 microns, optionally for some
applications less than or equal to 1 micron. In an embodiment,
for example, the membrane comprises a plurality of layers of
one or more semiconductor materials, wherein each of the
layers have thicknesses selected over the range of 5 nm to 50
um. Additionally, the semiconductor membrane may com-
prise an alternating sequence of layers comprising the same
or different semiconductor materials, wherein the sequence
comprises two or more layers. In one embodiment, each layer
of the semiconductor membrane comprises a single crystal-
line material. Optionally, the semiconductor membrane fur-
ther comprises a protective layer provided on the external
surface. The protective layer is preferably a thin metallic layer
having a thickness of 5 nanometers to 25 nanometers that
prevents charging effects of low-conductivity semiconductor
materials such as SiN.

Preferably for some applications, the membrane has a
receiving surface characterized by a high accommodation
coefficient for the analytes, such as an accommodation coef-
ficient selected over the range of 1x107* to 1. In one embodi-
ment, the receiving surface of the membrane is functionalized
or derivatized to provide high surface accommodation of
molecules subject to detection and/or analysis. For example,
the receiving surface may be coated with a thin layer of a
material, such as gold, that increases the accommodation
coefficient of the receiving surface with respect to a broad
class of molecules. Alternatively, the receiving surface may
be functionalized in a manner providing selective accommo-
dation characteristics, such as providing a large accommoda-
tion for specific molecules and a low accommodation coeffi-
cient for other species. For example, biological molecules,
such as proteins and/or oligonucleotides, may be bound to the
receiving surface in a manner retaining their biological activi-
ties so as to provide a probe for identifying molecules that
selectively interact with the surface bound biological mol-
ecules. In some applications of the present invention, func-
tionalization or derivization of the membrane surface does
not significantly disrupt or affect the mode structure and
resonance frequencies of the resonators mechanically
coupled to the inner surface of the membrane. Increasing
accommodation of the receiving surface may also be accom-
plished in the present invention by holding the receiving
surface at low temperatures.

In an embodiment, for example, the detector further com-
prises an absorber layer provided on the receiving surface of
the membrane such that the analytes contact the absorber
layer, so as to generate the non-uniform temperature distri-
bution in or on the membrane. The composition and physical
dimensions of the absorber layer may be selected to enhance
conversion of kinetic energies of analytes into thermal energy
for establishing a non-uniform temperature distribution use-
ful for detection and characterization of analytes. In an
embodiment, for example, the absorber layer has a thickness
less than the thickness of the membrane. In an embodiment,
for example, the absorber layer has a thickness selected over
the range of 1 nm to 50 nm. In an embodiment, for example,
the absorber layer comprises a metal.

In an embodiment, the internal side of the membrane, or an
emitting layer provided thereon, is characterized as a rough
surface. Methods and systems using such a rough surface of
this aspect are beneficial for some applications by providing
useful field emission properties. In an embodiment, the inter-
nal surface of the membrane is a rough surface having a
plurality of nanostructures, for example, nanostructures hav-
ing aspect ratios selected over the range of 0.1 to 1000.

Membranes useful in the present methods and systems may
have morphologies, size and shape selected for a given appli-
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cation. In some embodiments, for example, the membrane is
characterized by a large active detection area, for example, a
receiving surface having an active area of 0.5 mm?> to 15 cm?.
Optionally, the detectors of the present invention comprise a
substrate having one or more active detector areas able to
receive a molecule, where each active detector area comprises
a membrane and emitting layer. The membrane for each
active area can be selected or manipulated to be sensitive for
a specific molecule mass. The active areas of the detector can
be made sensitive to the same molecular mass or different
molecular masses compared to one another. Preferably, each
active area has a surface area between 0.1 millimeters” to 202
centimeters®. The methods and systems of the invention are
compatible with use with a single pixel (i.e. membrane) or a
plurality of pixels. Alternatively, each active area can have a
surface area smaller than 0.1 millimeters” but form a total area
greater than several square inches.

In some embodiments, the holder provides a mechanical
support system for the membrane, for example, via providing
clamping points physically contacting the membrane.
Accordingly, holders of the invention may comprise one or
more clamps that contact selected regions of the membrane,
such as the edges of the membrane. Holders of the invention
also include a frame connected to the membrane at the one or
more contact points, for example, via a fastener, clamp,
binder, connector or other similar structure. The holder may
have a composition and/or connector configuration providing
a selected state of strain of the membrane, for example, useful
to achieve an electromechanical biasing useful in the present
invention. In an embodiment, the holder is made of a piezo-
electric material, such as a piezoelectrical frame (e.g., made
from quartz), which allows an in-situ tuning of the mechani-
cal biasing of the membrane. In an embodiment, for example,
the strain at the clamping points provided by the holder can
also be affected by the non-uniform temperature gradient. In
an embodiment, for example, the holder comprises one or
more clamps contacting said membrane at the one or more
contact points. In an embodiment, the clamps contacting the
membrane establish a selected state of strain of the mem-
brane, for example, a state of strain useful for electromechani-
cal biasing. In an embodiment, for example, the holder and
the extraction electrode establish a selected electromechani-
cal bias of the membrane.

In an aspect, the membrane is in an overdamped oscillator
that is excited by the non-uniform temperature distribution.
Use of an overdamped membrane is beneficial for some appli-
cations, as it can be used to generate a temporal profile of
electron emission characterized by a single peak, thereby
increasing the recovery time of the detector and detection
method. This aspect of the invention is important for provid-
ing detectors and detection methods that have reduced or
minimal deadtime between measurements, wherein measure-
ments cannot be made. In an embodiment, for example, the
holder comprises one or more clamps contacting said mem-
brane at the one or more contact points that are configured to
provide the membrane in the overdamped state. In an embodi-
ment, for example, the holder comprises a material at the one
or more contact points (e.g., clamps of a selected material)
that provides the membrane in the overdamped state. In an
embodiment, for example, the membrane in the overdamped
state is excited by the non-uniform temperature distribution
and undergoes deformation and relaxation to an original state
without additional deformation or vibration of the membrane.

In one embodiment, the emitting layer and internal surface
of the membrane are substantially flat without any protru-
sions. In some embodiments, for example, the membrane has
a substantially planar internal surface, wherein the substan-
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tially planar surface is characterized by deviations from an
absolutely planar surface less than or equal 100 nm. However,
using sputtering techniques to add an emitting layer, such as
a metal layer, to the internal surface of the membrane may
result in small spikes or areas of surface roughness being
formed on the emitting layer as compared to a very smooth
surface. These spikes and surface roughness may reduce the
voltage threshold due to geometrical reduction factor and
may enhance the emission probability. In one embodiment,
the emitting layer or internal surface has a uniform thickness
that does not vary by more than 20% over an active area,
preferably for some applications by no more than 10%, pref-
erably for some applications for some applications by no
more than 5%. In a further embodiment, the combined thick-
ness of the membrane and emitting layer has a uniform thick-
ness that does not vary by more than 20% over an active area,
preferably by no more than 10%, preferably for some appli-
cations by no more than 5%.

Alternatively, the invention includes methods and systems
wherein the membrane comprises a plurality of nanostruc-
tures provided on the internal surface, optionally at least
partially covered by the emitting layer. In an embodiment, for
example, the internal surface of the membrane is a rough
surface having a plurality of nanostructures having aspect
ratios selected over the range of 0.1 to 1000. In an embodi-
ment, for example, the internal surface of the membrane has
a plurality of nanopillars, optionally having lengths selected
over the range of 1 nm to 1000 nm and cross sectional dimen-
sions selected over the range of 1 nm to 1000 nm. In one
embodiment of this aspect of the invention, a plurality of
resonators are mechanically coupled to the inner surface of
the membrane or provided as a component of the membrane
structure itself, wherein the resonators comprise an array of
pillar resonators, such as nanopillar and/or micropillar reso-
nators, having vertical lengths extending from said inner sur-
face of the membrane along axes that intersect the inner
surface. Vibration of the membrane causes the pillar resona-
tors to vibrate laterally with respect to their vertical lengths
such that the ends of the pillar resonators positioned distal to
the inner surface of the membrane move along substantially
accurate, circular, or ellipsoidal trajectories. Detectors and
sensors of the present invention having resonators comprising
arrays of nanopillar and/or micropillar resonators are benefi-
cial for some applications because they are capable of under-
going substantially periodic oscillations characterized by
well-defined and reproducible mechanical mode structure
upon vibration of the membrane. In one embodiment, for
example, vibration of the membrane causes the pillar resona-
tors to vibrate with reproducible fundamental lateral vibra-
tional modes having resonant frequencies accurately selected
over the range of about 1 MHz to about 100 GHz. Maintaining
the resonators at a constant pressure, and preferably for some
sensing applications at relative low pressures (e.g. less than
about 10-100 Torr), is beneficial for providing a reproducible
mechanical mode structure and resonance frequencies useful
for sensitive and high resolution detection and sensing appli-
cations.

Membranes useful for some applications are not permeable
with respect to gases and/or liquids and therefore, are capable
of maintaining their inner surface at a relative low pressure
(e.g. less than 10-100 Torr) while their receiving surface is in
contact with a high pressure region, liquid phase or solution
phase. In some embodiments, the membrane is provided at a
temperature selected over the range of 2 K to 1000 K. Use of
a membrane at temperature of 298 K and below may be
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beneficial for enhancing detection efficiency by reducing
sources of noise, such as noise generated by thermal fluctua-
tions.

Optionally, the detector may further comprise a means of
releasing the molecule(s) from the receiving surface of the
membrane after detection and/or analysis. For example, the
present invention includes means of generating a pulse of
thermal energy, pulse of electromagnetic radiation, and/or
pulse of electric current on the receiving surface of the mem-
brane that is capable of releasing the molecule from the
receiving surface.

The electron emitting layer may comprise any material
able to emit electrons, for example, via a field emission (FE)
process. In one embodiment, the electron emitting layer com-
prises a material selected from the group consisting of metals,
highly doped semiconductors and doped diamond materials.
Highly doped diamond materials can be made from diamond-
on-insulator (DOI) materials as known in the art. If the elec-
tron emitting layer is a thin metallic layer, it is preferable for
some applications to use a metal that will not oxidize such as
gold. In an embodiment, the emitting layer is provided as a
thin film that conformally coats at least a portion of the
internal surface of the membrane, preferably between 50%
and 100% of the internal surface of the membrane. In an
embodiment, the emitting layer has a thickness of 5 nanom-
eters to 25 nanometers. In an embodiment, the electron emit-
ting layer is a metallic layer or doped semiconductor layer
that conformally coats at least a portion of the internal surface
of the membrane. In an embodiment, the electron emitting
layer comprises a material selected from the group consisting
of a metal, Al, doped diamond, Si, Ge, Si;N,, diamond,
III/V-semiconductors, Al, Ga, In, As, 1I/V semiconductors
and any combinations thereof.

The extraction electrode may be electrically biased so as to
generate field emission, secondary emission, or both, from
the internal surface of the membrane or the electron emitting
layer provided thereon. In an embodiment, for example, the
extraction electrode is a grid electrode or ring electrode posi-
tioned between the internal surface of the membrane and the
electron detector. In an embodiment, the extraction electrode
is one or more grid electrodes or ring electrodes which are at
least partially transmissive to incident electrons from the
membrane or electron emitting layer. In some embodiments,
for example, the extraction electrode is able to transmit at
least 50% of the incident electrons and optionally for some
applications at least 70% of the incident electrons. Preferably,
the electrode is electrically biased by applying a voltage, for
example, a voltage equal to of -3000 V to 3000 V. The
membrane, and optionally the electron emitting layer, is elec-
trically biased so as to generate field emission, for example,
by applying a voltage selected over the range of =3000 V to
3000V to the internal surface or emitting layer via the extrac-
tion electrode. In an embodiment, for example, the extraction
electrode establishes an applied electric field on the internal
surface of the membrane or electron emitting layer thereon
selected from the range of 0 V to 3000 V, optionally 100V to
3000V and optionally 1000V to 3000V, relative to the poten-
tial of the membrane. In an alternative embodiment, the mem-
brane is provided substantially at ground and the emitting
layer is electronically biased to generate field emission.

The voltage between the membrane and the extraction gate
electrode is a parameter that can be varied for a specific
application. The higher voltage between the membrane and
the extraction gate has two important consequences. First, it
causes larger static displacement of the membrane towards
the extraction gate, resulting in a higher level of DC field
emission current. Second, it increases the stretching force per
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unit length along the membrane boundary which is one of the
factors that determine the characteristic frequency of the
nanomembrane. This results in a higher characteristic
mechanical frequency of the membrane. In an embodiment,
the membrane detector reveals several more ion packets than
the chevron MCP at the same laser power.

A range of electron detectors are useful for detecting the
emission of electrons from the membrane or emitting layer.
The electron detector is positioned such that it receives and
detects emission from the membrane and/or emitting layer.
Useful electron detectors for sensors of the present invention
capable of measuring electric charge, include detectors
capable of measuring the intensity of emission from the mem-
brane or emitting layer, such as MCP analyzers, thin film
displays and phosphorescent screens. Exemplary electron
detectors for detecting emission from the membrane or emit-
ting layer include, charge coupled devices, photodiode
arrays, and photomultiplier tubes and arrays thereof. In an
embodiment, the electron detector comprises one or more
microchannel plates or a dynode.

In an embodiment, the detector further comprises a mass
analyzer positioned upstream of the membrane to provide the
analytes to the receiving surface, for example, a mass ana-
lyzer is selected from the group consisting of a time of flight
mass analyzer in linear mode, a time of flight mass analyzer in
reflection mode, a quadrupole ion trap, an orbitrap, one or
more transmission quadroples, a magnetic sector mass ana-
lyzer and a ion trap mass analyzer.

The sensors, detectors and analyzers of the present inven-
tion are broadly applicable to a variety of applications. Exem-
plary applications of the methods, devices and device com-
ponents of the present invention include, environmental
sensing, high-throughput screening, competitive binding
assay methods, proteomics, mass spectrometry, quality con-
trol, sensing in microfluidic and nanofluidic applications such
as lab on a chip sensors, and sequencing DNA and proteins.

In one embodiment, devices of the present invention pro-
vide detectors, mass analyzers and charge analyzers for mass
spectrometry systems including, but not limited to, ion traps,
time-of-flight mass spectrometers, tandem mass spectrom-
eters, and quadrupole mass spectrometers. In one useful
embodiment, a sensor of the present invention comprises a
detector in a time-of-flight mass analyzer. In an embodiment
of'this aspect of the present invention, the detector/analyzer is
provided at the end of a TOF flight tube and position to receive
ions separated on the basis of mass-to-charge ratio exiting the
flight tube. Importantly, some analyzers of the present inven-
tion provide a means of independently measuring molecular
mass and electric charge, in contrast to conventional mass
spectrometry systems which typically only provide measure-
ments of mass-to-charge ratio. The fast temporal resolution
and large active areas of some of the present sensors and
analyzers make them particularly well suited for mass spec-
trometry applications.

Optionally, the detector is part of a mass spectrometer or a
differential mobility analyzer system. For example, in one
embodiment the detector is mounted in a MALDI/TOF-sys-
tem or ESI/TOF-system for mass spectroscopy analysis and,
optionally utilizes a multi-channel plate (MCP) for signal
amplification. Analytes comprising ions are generated and
accelerated in a beam line (TOF setup), which subsequently
hit the receiving surface of the membrane. The kinetic energy
of'the molecule is transferred to the membrane, thereby gen-
erating a non-uniform temperature distribution, such as a
thermal gradient, that induces emission of electrons from the
membrane or emitting layer. The emitted electrons are
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detected or amplified using an MCP which provides a signal
for mass-to-charge ratio analysis and subsequent sample
identification.

Methods and systems of the present invention are capable
of detecting and/or analyzing a diverse range of molecules,
including neutral molecules and molecules possessing elec-
tric charge, such as singly and multiply charged ions. In
particular, the present methods and systems are useful for
detecting an analyzing analytes comprising ions derived from
samples containing biomolecules, including, but not limited
to biological molecules such as proteins, peptides, DNA mol-
ecules, RNA molecules, oligonucleotides, lipids, carbohy-
drates, polysaccharides, glycoproteins, virus capsid and
derivatives, analogs, variants and complexes these including
labeled analogs of biomolecules.

In an aspect, the invention provides a method of detecting
ions, the method comprising: a) providing a detector com-
prising: a membrane having a receiving surface for receiving
the ions, and an internal surface positioned opposite to the
receiving surface, wherein the membrane is a material
selected from the group consisting of a semiconductor, a
metal and a dielectric, and wherein the membrane has a
thickness selected from the range of 5 nanometers to 50
microns; a holder for holding the membrane, wherein said
holder contacts said membrane at one or more contact points;
an extraction electrode positioned so as to establish an applied
electric field on the internal surface of the membrane or an
electron emitting layer provided on the internal surface of the
membrane, thereby causing emission of electrons from the
internal surface or the electron emitting layer; and an electron
detector positioned to detect at least a portion of the electrons
emitted from the internal surface or the electron emitting
layer; b) passing the ions through a mass analyzer to achieve
physical separation on the basis of mass-to-charge ratio; ¢)
generating a non-uniform temperature distribution along a
thickness dimension, lateral dimension, vertical dimension or
any combination of these of the membrane by contacting the
receiving surface with the ions after the step of passing the
ions through said mass analyzer, thereby exciting a mechani-
cal deformation of the membrane that modulates the emission
of electrons from the internal surface of the membrane or the
emitting layer; d) detecting the electrons emitted from the
internal surface of the membrane or the emitting layer; e)
measuring intensities of the electrons emitted from the inter-
nal surface of the membrane or the emitting layer as a func-
tion of time, thereby generating a response signal character-
ized by one or more peaks at different times, wherein each
peak is characterized by a maximum value; f) identifying a
first peak corresponding to an earliest time; and g) determin-
ing the maximum value corresponding to the first peak. In an
embodiment of this aspect, the present method further com-
prises determining a detection time corresponding to the
maximum value, wherein the detection time is proportional to
a flight time of the ions. In an embodiment, the response
signal is characterized by a series of peaks. In an embodiment
of'this aspect, the ions are derived from biomolecules, such as
one or more peptides, proteins, oligonucleotides, polysaccha-
rides, lipids, carbohydrates, DNA molecules, RNA mol-
ecules, glycoproteins, lipoproteins or virus capsides. In an
embodiment, the ions are derived from a sample containing
one or more proteins, for example, a mixture of peptides
obtained via digestion of a protein containing sample. In an
embodiment, for example, ions are derived from a sample
containing analyte peptides that are subject to separation,
e.g., via electrophoresis, prior to generation and analysis of
ions. In an embodiment, for example, the one or more peaks
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corresponds to a series of peaks corresponding to packets of
ions having different flight times.

Without wishing to be bound by any particular theory, there
can be discussion herein of beliefs or understandings of
underlying principles or mechanisms relating to the inven-
tion. It is recognized that regardless of the ultimate correct-
ness of any explanation or hypothesis, an embodiment of the
invention can nonetheless be operative and useful.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. A flow diagram illustrating an example of a method
for detecting analytes, such as ions derived from biomol-
ecules, using a nano-membrane-based detector of the present
invention.

FIG. 2. Operating a nanomembrane protein detector: a,
Schematic of the detector coupled to a MALDI-TOF mass
spectrometer. Proteins are desorbed, ionized, and accelerated
by a large DC extraction voltage into the time-of-flight tube.
b, Detailed illustration of the operation principle of the detec-
tor. Ion bombardment excites the mechanical vibration of the
nanomembrane, resulting in a modulation of the field emis-
sion current. ¢, Schematic of the detector configuration, con-
sisting of a tri-layer made of Al/Si;N,/Al, an extraction gate,
MCP, and an anode. The oscilloscope allows real-time detec-
tion of the nanomembrane’s mechanical oscillation.

FIG. 3. Nanomembrane detector response: a, Mass spec-
trum for an equimolar protein mixture of insulin, bovine
serum albumin (BSA), and immunoglobulin G (IgG) with a
sinapinic acid matrix, showing signal peaks for singly
charged Insulin, BSA, and IgG along with a heavy chain of
IgG. The time scale is deliberately not converted to the mass
range. b, Fine structure of the Insulin peak: the peak reveals an
oscillating signal with a characteristic relaxation time. c,
Comparison of the signals for Insulin (black box), BSA (red
circle), and IgG (blue triangle) on a sub-microsecond scale.
The proteins were desorbed and ionized in a single sample
made from an equimolar mixture of the three (the time scales
for each peak have been offset so that they all start at t=0).
Note the almost identical peak heights of the first oscillation
peak for all different proteins. d, Modal analysis of the
mechanical oscillations of the nanomembrane given as a Fou-
rier transformation plot. The most dominant mode 0 is a
higher-order mechanical mode. The analysis is based on the
measured field emission response. The contribution of the
other modes and harmonics is much less pronounced. e,
Numerically calculated vibration of the nanomembrane by
mixing three modes, overdamped fundamental mode, £, , (v),
and f,, (0) (blue line). The red dashed line indicates the
response of the overdamped fundamental mode, which deter-
mines the decay of the nanomembrane response. f, Calculated
mode shape of vibration

FIG. 4. Load-displacement relationship of the nanomem-
brane under uniform load. a, Maximum (red circles) and
averaged (blue squares) displacement of the nanomembrane
as a function of pressure. At low pressure, the displacement is
proportional to the pressure, however, at high pressure, the
displacement is proportional to the cube-root of the pressure.
b, Maximum (red circles) and averaged (blue squares) dis-
placement of the nanomembrane as a function of voltage
applied between the nanomembrane and the extraction gate,
V s The ratio of averaged and maximum displacement of
0.48 was calculated using the shape function. The maximum
displacement of 81.7 um and the averaged displacement of
39.5 um were calculated for the operating voltage V 5, ,at 1.25
kV.
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FIG. 5. Field emission current from the deformed
nanomembrane. a, Measured field emission current 1, vs.
voltage between the nanomembrane and the extraction gate
V aar plotted in Fowler-Nordheim (FN) representation (red
dots), is fitted according to the modified FN equation (S9). b,
Averaged displacement of the nanomembrane as a function of
field emission current with V 5, setat 1.25kV. Modulation of
the field emission current (red wave) can be mapped into the
modulation of the averaged displacement (blue wave). The
averaged dynamic displacement of +6.5 um and 7.7 um with
respect to the averaged static displacement of 39.5 um were
calculated using equation (S9).

FIG. 6. a. The upper sequence of plots gives the individual
traces of the nanomembrane detector response for four dif-
ferent proteins. As seen the first peak of the nanomembrane’s
response to proteins show almost identical amplitudes. Plot-
ting these first peaks’ amplitudes and widths vs. the mass
range (proportional to the flight time) indicates that the ampli-
tude is almost constant. This enables operation of the nano-
mechanical detector independently of the protein mass. The
width increases for larger masses mainly due to the broader
isotope distribution at higher masses. b, Taking the width of
the first resonance peak as the lower limit of the temporal
resolution, consequently the mass resolution increases
towards higher masses.

FIG. 7. Comparison of the nanomembrane detector and a
commercial multi-channel plate (MCP) detector: a, the
nanomembrane’s response yields a much higher resolution as
compared to the broad peaks of the MCP. Furthermore, the
nanomembrane detector ‘sees” many more resonances than
the MCP with a large amplitude response. b, Plotting the
normalized value of the first oscillation peak of the reso-
nances over the mass range. As seen the amplitude variation is
within the error, indicating as well that the nanomembrane
detector is not limited in range by the mass. ¢, Separation of
molecule ion and matrix adduct ion. Absolute resolution: two
ions arrive at the detector with a temporal difference shorter
than the ring-down time of the nanomembrane resonator was
separated. d, With the width of the first peak of the oscillations
defining the minimal temporal resolution, the mass resolution
apparently increases towards higher masses.

FIG. 8. Calculated dynamic displacement of the nanomem-
brane (blue line) in addition to the overdamped fundamental
mode (red dots).

FIG. 9. Illustration of the determination of the time of
flight. Red and black circles represents the ion packet and
overdamped fundamental mode, respectively. Blue square
represents the second derivative of the overdamped funda-
mental mode, which reveals the maximum intensity of the ion
packet.

FIG. 10 provides a mass spectrum of Angiotensin obtained
using the detection methods and detectors of the present
invention.

FIG. 11. Nanomembrane detector for time-of-flight mass
spectrometry: a, Schematic of the detector configuration,
consisting of a tri-layer made of Al/Si;N,/Al, an extraction
gate, MCPs, and an anode. The oscilloscope allows real-time
retrieval of the nanomembrane’s mechanical oscillation. b,
Detailed illustration of the operation principle of the detector.
Ion bombardment excites the mechanical vibration of the
nanomembrane, resulting in a modulation of the field emis-
sion current. ¢, Mass spectrum for angiotensin with an a-Cy-
ano-4-hydroxycinnamic acid matrix, showing signal peak for
singly charged angiotensin, the tetramer of matrix, and the
tetramer of matrix adduct angiotensin ion.

FIG. 12. Nanomembrane detector vs. MCP: Comparison
of the nanomembrane detector (upper panel) and a commer-
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cial multi-channel plate (MCP) detector (lower panel) for
BSA. The nanomembrane detector ‘sees’ more resonance
than the MCP under same conditions such as laser power. The
additional peaks are attributed to fragment ions or neutrons.

FIG. 13. Mass spectrum for an equimolar protein mixture:
a, Mass spectrum for an equimolar protein mixture of insulin,
BSA and IgG with a sinapinic acid matrix. In addition to the
singly charged insulin, BSA and IgG, additional peaks, which
are attributed to fragment ions or neutrons, are also detected.
b, Individual traces of the nanomembrane detector response
for insulin, BSA, and IgG in sub-microsecond time scale.
Each trace clearly shows a mechanical vibration of the
nanomembrane. ¢, The height of the first peak (red dots) for
each protein. The height of first peak for each protein is
normalized by the first peak height of the insulin, showing
only slight decreases as mass increases. The inset shows the
upper mass limit of the nanomembrane detector, which is
found to be 1.5 MDa.

FIG. 14. Resolving power of the nanomembrane detector:
a, resolving power (FWHM of the envelope of the oscillations
in FIG. 13a) of the nanomembrane (black circles) and their
regression (red line). The inset shows the envelope (red line)
and FWHM (blue arrows) of the oscillations. b, A magnified
view of the peak enclosed in blue (solid line) box in FI1G. 13«
and showing separation of two different ion packet which
arrive at the detector with a temporal difference shorter than
the relaxation time of the nanomembrane detector. The cor-
responding mass difference between two ions is 240 Da and
agrees well with the predicted resolving power of 248 as
shown in FIG. 144 (blue star).

FIG. 15. Comparison of the nanomembrane detector and a
commercial detector: MALDI TOF analysis of the protein
mixture used in FIG. 13 using the nanomembrane detector
(top panel) and a commercial detector (bottom panel). The
commercial detector suffers for the analysis for large m/z ion
mixture, while the nanomembrane detector shows a rich ion
spectrum over the entire mass range.

DETAILED DESCRIPTION OF THE INVENTION

Referring to the drawings, like numerals indicate like ele-
ments and the same number appearing in more than one
drawing refers to the same element. In addition, hereinafter,
the following definitions apply:

“Molecule” refers to a collection of chemically bound
atoms with a characteristic composition. As used herein, a
molecule refers to neutral molecules or electrically charged
molecules (i.e., ions). Molecules may refer to singly charged
molecules and multiply charged molecules. The term mol-
ecule includes biomolecules, which are molecules that are
produced by an organism or are important to a living organ-
ism, including, but not limited to, proteins, peptides, lipids,
DNA molecules, RNA molecules, oligonucleotides, carbohy-
drates, polysaccharides; glycoproteins, lipoproteins, sugars
and derivatives, variants and complexes of these. Analytes of
the present invention may be one or more molecules.

“lon” refers generally to multiply or singly charged atoms,
molecules, and macromolecules having either positive or
negative electric charge and to complexes, aggregates and
clusters of atoms, molecules and macromolecules having
either positive or negative electric charge. lon includes cat-
ions and anions. Analytes of the present invention may be one
or more molecules.

“Membrane” refers to a device component, such as a thin,
optionally flat or planar structural element. Membranes of the
present invention include semiconductor, metal and dielectric
membranes able to emit electrons when molecules contact the
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receiving side of the membrane. Membranes useful in the
present invention may comprise a wide range of additional
materials including dielectric materials, ceramics, polymeric
materials, glasses and metals.

“Field emission” (FE) or “field electron emission” (FEE) is
the discharge of electrons from the surface of a condensed
material (such as a metal or semiconductor) subjected to a
electric field into vacuum, low pressure region or into another
material.

“Secondary emission” or “secondary electron emission”
(SEE) is a phenomenon where primary incident particles of
sufficient energy, when hitting a surface or passing through
some material, induce the emission of secondary particles,
such as electrons.

“Active area” refers to an area of a detector of the present
invention that is capable of receiving molecules and generat-
ing a response signal, such as a response signal comprising
emitted electrons.

“Phonon” refers to a unit of vibrational energy that arises
from oscillating atoms within a crystal lattice.

“Semiconductor” refers to any material that is a material
that is an insulator at a very low temperature, but which has an
appreciable electrical conductivity at a temperature of about
300 Kelvin. In the present description, use of the term semi-
conductor is intended to be consistent with use of this term in
the art of microelectronics and electrical devices. Semicon-
ductors useful in the present invention may comprise element
semiconductors, such as silicon, germanium and doped dia-
mond, and compound semiconductors, such as group IV
compound semiconductors such as SiC and SiGe, group I11-V
semiconductors such as AlSb, AlAs, Aln, AIP, BN, GaSh,
GaAs, GaN, GaP, InSb, InAs, InN, and InP, group III-V
ternary semiconductors alloys such as AlxGal-xAs, group
11-VI semiconductors such as CsSe, CdS, CdTe, ZnO, ZnSe,
ZnS, and ZnTe, group I-VII semiconductors CuCl, group
IV-VI semiconductors such as PbS, PbTe and SnS, layer
semiconductors such as Pbl,, MoS2 and GaSe, oxide semi-
conductors such as CuO and Cu,O. The term semiconductor
includes intrinsic semiconductors and extrinsic semiconduc-
tors that are doped with one or more selected materials,
including semiconductor having p-type doping materials and
n-type doping materials, to provide beneficial electrical prop-
erties useful for a given application or device. The term semi-
conductor includes composite materials comprising a mix-
ture of semiconductors and/or dopants.

In the following description, numerous specific details of
the devices, device components and methods of the present
invention are set forth in order to provide a thorough expla-
nation of the precise nature of the invention. It will be appar-
ent, however, to those of skill in the art that the invention can
be practiced without these specific details.

FIG. 1 provides a flow diagram illustrating an example of a
method for detecting analytes, such as ions derived from
biomolecules, using a nano-membrane detector of the present
invention. As shown in FIG. 1, provided is a detector of the
invention having a nano-membrane that is electromechani-
cally biased, for example, using a combination of a holder for
holding the membrane at one or more contact points and an
extraction electrode positioned to provide a selected electric
field on the internal surface of the nano-membrane or an
emitting layer provided thereon. In some embodiments, the
electrical biasing provided by the extraction electrode is suf-
ficient to generate an electrostatic force providing for con-
tinuous Fowler-Nordheim field emission from the nano-
membrane or emitting layer provided on the nanomembrane.
The field emission from the nano-membrane or emitting layer
is detected via an electron detector position to receive the field
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emission. Optionally, the detected field emission is charac-
terized as a field emission current as function of time.

As also shown in FIG. 1A, ions having a characteristic
average kinetic energy are directed at the detector so as to
impact the receiving surface of the membrane or layer pro-
vide thereon. Contact with the receiving surface converts at
least portion of the kinetic energy of the ions in thermal
energy, thereby generating a non-uniform temperature distri-
bution across and/or within at least a portion of the nanomem-
brane. The non-uniform temperature distribution generates a
thermomechanical force(s) that excites one or more vibra-
tions in the nanomembrane. The resulting vibrations modu-
late the distance between the nanomembrane and the extrac-
tion electrode, thereby achieving an oscillation of the
observed field emission current. Accordingly, monitoring
changes in the field emission current provides a means of
detecting and characterizing the analytes interacting with the
receiving surface of the nano-membrane detector.

In some embodiments, in the absence of the analyte, the
nanomembrane is stationary, but it emits electrons from its
internal surface by field emission and, optionally, is deformed
toward the extraction gate due to the applied electric field.
When the analytes, such as ions having a preselected average
kinetic energy, contact the receiving surface of the membrane
or an absorber layer provided thereon, the kinetic energy of
the analytes is transferred mostly into thermal energy. This
raises the temperature in the vicinity of the impact site caus-
ing a non-uniform temperature distribution across, or within,
at least a portion the nanomembrane. This thermal gradient
leads to thermomechnical forces, resulting in mechanical
deformation and vibration of the nanomembrane. Since the
intensity of field emission is strongly dependent on the elec-
tric field, which in turn is determined by the distance between
the nanomembrane and the extraction gate electrode,
mechanical vibrations of the nanomembrane translate into
corresponding oscillations in the field emission current.

The intensities of the field emission in some embodiments
does not highly depend upon the m/z of the impinging ions. It
rather depends on the shape of ion packet, which translates
into a corresponding thermal gradient. The steeper the slope
of the leading edge of the ion packet, the higher thermal
gradient and the force induced. The shape of ion packet is
mainly determined by mass broadening caused by the isotope
distribution and instrument resolution. Mass broadening
caused by the isotope distribution of BSA and IgG are 30 and
46 Da (10%-valley criteria), respectively. This leads to a
broadening in the time-of-flight of 49.8 ns and 50.8 ns,
respectively. A broader ion packet at higher masses translates
into a lower slope of the leading edge of the ion packet, which
results in a lower force induced by ion bombardment.

In time of flight (TOF) mass spectrometry applications of
the present methods, ions are first accelerated in an electric
field, and directed into a field-free drift tube where they sepa-
rate by mass-to charge ratio (m/z) before impinging on the
nano-membrane detector. In some embodiments, the time
when the ions are impinging on the membrane is measured,
corresponding to the time of modulated field emission current
induced. Based on these time of flight of ions, the mass ofthe
ions is determined. Absolute mass determination may be
provided by the mass analyzer, time-of-flight (TOF) analyzer.

In an embodiment, the membrane is an overdamped oscil-
lator, such as an overdamped harmonic oscillator. Mechanical
overdamping is achieved in some embodiments by integra-
tion of the membrane and the holder component of the detec-
tor. In some embodiments, for example, the holder includes
one or more clamps provided at contact points on the mem-
brane, wherein upon excitation of the membrane the clamps
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provide a means of removing energy, thereby providing
damping the membrane. Overdamped membranes of some
embodiments are able to mechanically deform upon impact
of an ion packet with the receiving surface and undergo relax-
ation to the original state without undergoing subsequent 5
mechanical deformation or vibration as a result of the initial
impact of the ion packet. In this manner, the deformation of
the overdamped membrane results in a detectable modulation
of'the electron emission followed by a return of the detector to
a state ready for another measurement. Use of overdamped 10
membranes in the present methods and systems is useful to
minimize “dead time” of the detector in which the detector is
ringing down from an earlier detection event. In this manner,
detectors of the invention allowing independent detector con-
ditions for measurements closely spaced in time. 15
In some embodiments, the vibration modes of the
nanomembrane, ,, ,(t), can be described by harmonic oscil-

lators with the characteristic frequencies w,, ,,, damping fac-
tor k,,, ,,, and external force f(t):
20
Y, +onntomn ¥+l = [0, ®
where the characteristic frequencies, f, , are: 23
1 [To? +m2) @

2 oh 30

where T is tension per unit length, p is density, h is thickness,
and m and n are integer values. The five different mode
frequencies obtained from the FFT spectrum are: f, ;=1.825
MHz, f,,=3.65 MHz, f,,=7.52 MHz, f;,=8.94, and 3
f;,=12.05 MHz.

We consider the force induced by ion bombardments with
normalized Gaussian function, which can be expressed by:

40
1 (r—mz] 3)
0= —= exe(- 1)
where o is the standard deviation, 1t is the mean. 45

Solving equation (1) with three dominant mode frequen-
cies, m, ,*, m, 4, and w, ,, separately using Matlab Simulink
yields results for T, ,*(t), Ty4(t), and T, ,(t). (* indicates
overdamped oscillations). Mixing of these three modes yields
not only superposition of modes but also superposition of the 350
product of each mode with different weights. Therefore, T(t)
can be given by:

TO)y=aly,  *(O)+bTy 4(O)+cTy, ()T 2(D+dT7 D+

el 1 * ()07, 70+ 4007 A(0)+g 4) 55
wherea, b, ¢, d, e and fare numerical constants and g is the DC
component.

It should be noted that £, ,(t) and T, ,*()T, ,(t) as well as
Caa(t) and €, *(t)T, 4(t) cannot be distinguished due to the
phase noise and low value of f, ;*. FIG. 2 shows the calcu- 60
lated T(t) (blue line) and the overdamped fundamental mode
(red dots) T, , *(1).

A main feature of the overdamped fundamental mode is
that the system returns to equilibrium exponentially without
subsequent oscillation. For example, FIG. 8 shows a plot of 65
calculated dynamic displacement of the membrane as a func-
tion of time wherein the overdamped membrane is shown as

22
red dots (see, also “overdamped” label in FIG. 8) and the
non-overdamped system is shown as the blue lines.

FIG. 9 illustrates an example of a method of the invention
for the determination of the time-of-flight of the detected ion
packet. Red circles and black circles represents the ion packet
and overdamped fundamental mode, respectively (see, figure
labels). The blue square represents the second derivative of
the overdamped fundamental mode (see, figure label). As
shown in FIG. 9, the overdamped fundamental mode is
excited when the leading edge of the ion packet arrives at the
nanomembrane (see time scale of red and black circles). In
addition to the time-of-flight of the leading edge of the ion
packet, the second derivative of the overdamped fundamental
mode reveals the time of flight of maximum intensity of the
ion packet (see time scale of red circles and blue squares).

The invention is further detailed in the following
Examples, which are oftered by way of illustration and are not
intended to limit the scope of the invention in any manner.

EXAMPLE 1
A Mechanical Nanomembrane Detector for
Time-of-Flight Mass Spectrometry
Abstract

A mass spectrometer is a system comprised of three major
parts: an ionization source, which converts molecules to ions;
a mass analyzer, which separates ions by their mass to charge
ratio; and an ion detector. Mass spectrometry was revolution-
ized in the late 1980s by the invention of electrospray ioniza-
tion (ESI)' and matrix-assisted laser desorption/ionization
(MALDI)*?, which jointly provided means of generating
ions from previously inaccessible large molecules such as
proteins and peptides. Mass analyzer designs have since
evolved to accommodate the large ions that are produced,
providing dramatic improvements in performance. However,
little has changed in the area of ion detection, where ions
continue to be detected by one of three basic principles™:
direct charge detection (as in the Faraday cup detector), image
charge detection (as in the inductive detector), or secondary
electron generation (as in the electron multiplier (EM) or
microchannel plate (MCP) detector). We describe here a new
principle for ion detection in time-of-flight (TOF)® mass
spectrometry, in which an impinging ion packet excites
mechanical vibrations in a silicon nitride (Si;N,) nanomem-
brane. The nanomembrane oscillations are detected by means
of time-varying field emission of electrons from the mechani-
cally oscillating nanomembrane. Ion detection is demon-
strated in the MALDI-TOF analysis of proteins varying in
mass from 5,729 (insulin) to 150,000 (Immunoglobulin G)
daltons. The detector response agrees well with the predic-
tions of a thermomechanical model in which the impinging
ion packet causes a non-uniform temperature distribution in
the nanomembrane, exciting both fundamental and higher
order oscillations.

Introduction

In TOF mass spectrometry, ions are accelerated in an elec-
tric field, and directed into a field-free drift tube where they
separate by mass-to charge ratio (m/z) before impinging upon
a detector. TOF mass spectrometry is particularly important
for the mass analysis of large ions in low charge states, such
as those produced in the matrix-assisted laser desorption/
ionization (MALDI) process as it is the only mass analyzer
design known with an essentially unlimited m/z range. The
ideal TOF detector would have a large area, as the ion packets
can have considerable spatial extent by the time they reach the
end of the drift tube; it would be fast, in order to provide the
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necessary timing resolution between successive ion packets;
and it would be sensitive, so that as few ions as possible could
be detected. The detectors that have best met these require-
ments to date are the electron multipliers (EM) or microchan-
nel plate (MCP) detectors. In these detectors the incident ions
generate secondary electrons, which are then amplified in a
sequential cascade process to yield a magnified output signal.
The detectors have large active areas and rapid response
times, thereby meeting two of the three essential criteria; in
addition, for smaller, fast-moving ions, the conversion effi-
ciency of incident ions to secondary electrons is quite high,
making the detectors highly sensitiveS-®. Thus, for the time-
of-flight analysis of relatively low m/z ions (e.g. <~1000
daltons), existing detectors are highly effective.

However, it has been known for many decades that these
detectors suffer from a severe shortcoming for the analysis of
large m/z ions such as the singly charged proteins produced in
the MALDI process. The secondary electron generation effi-
ciency, v,, decreases as v** where v is the velocity of the
incident ion®. Since in TOF, the heavier the ion, the more
slowly it moves down the flight tube, this leads to a marked
decrease in ion detection efficiency for larger ions®*!. This
limitation in ion detection is further exacerbated in the analy-
sis of protein mixtures, where detector saturation effects also
come into play®. These issues in ion detection efficiency are
one of the central reasons that modern mass spectrometry
remains predominantly restricted to the analysis of lower
molecular weight species (e.g. tryptic peptides rather than
intact proteins). One interesting approach to addressing this
problem, the cryogenic microcalorimeter, was described in
the literature about a decade ago'*%. These devices, which
are operated at a temperature of 4K, exhibit very high detec-
tion efficiency approaching 100%, along with low noise lev-
els, enabling both single ion counting capability and the abil-
ity to discriminate singly charged from doubly charged ions
by providing a measure of the amount of kinetic energy
deposited in the detector by the ion impact. However, their
utility is compromised by their necessarily small size (e.g.
200 umx200 um)'? and the requirement for a cumbersome
and expensive cryogenic cooling system. More recently, sev-
eral reports have appeared describing nanomechanical reso-
nators whose resonance frequency is perturbed by surface
adsorption of an ion'”**. Although this approach has dem-
onstrated exceptional mass sensitivity, the devices suffer as
well from extremely low active areas and slow response times
and are thus far from being suitable for practical use in TOF
mass spectrometry at present.

We describe in this Example a new approach to TOF ion
detection, based upon the mechanical deformation and vibra-
tion of a nanomembrane. As shown in FIG. 2, the nanomem-
brane detector consists of four parts, a nanomembrane, an
extraction gate, a microchannel plate, and an anode, and in the
present work is placed at the end of the flight tube in a
commercial MALDI-TOF mass spectrometer (Perseptive
Biosystems Voyager-DE STR). The square (5 mmx5 mm)
nanomembrane consists of a suspended tri-layer of Al/Si;N,/
Al. The metal layers on top and below the Si;N, act as a
cathode for electron emission and absorber of incident ions,
respectively. The principle of operation of the detector is
illustrated graphically in FIG. 25, and is as follows. In the
absence of ion bombardment, the nanomembrane is station-
ary, but it emits electrons from its cathode by field emission®?
and is deformed toward the extraction gate due to the applied
electric field (see supplementary information). Since the
intensity of field emission is strongly dependent on the elec-
tric field, which in turn is determined by the distance between
the nanomembrane and the extraction gate electrode,
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mechanical vibrations of the nanomembrane excited by ion
bombardment translate into corresponding oscillations in the
field emission current. The modulated field emission current
is superimposed on the DC field emission current, which is
then amplified by the microchannel plate (MCP) and col-
lected by the anode. A capacitor connected between the anode
and oscilloscope provides AC coupling, allowing the time-
varying field emission current to pass through but blocking
the DC field emission current. Consequently, only the modu-
lated field emission current is recorded by the oscilloscope in
real time. The potentiometer connected between the oscillo-
scope and the ground provides the impedance matching
between the oscilloscope and the rest of the detector circuitry,
providing better signal responses.

FIG. 3a shows a MALDI mass spectrum obtained using the
nanomembrane detector for an equimolar protein mixture
(3.3 uM each) of insulin (5,729 Dalton (Da)), bovine serum
albumin (BSA, 66,429 Da), and immunoglobulin G (IgG,
~150,000 Da) in a sinapinic acid matrix. The time-of-flight
measured by the detector corresponds roughly to the time-of-
flight of the leading edge of the ion packet, as this is what
initiates the membrane oscillation.

In addition to the three singly charged insulin, BSA, and
IgG peaks, a fourth peak, corresponding to a heavy chain of
1gG, is also observed at a time of flight of ~190 us. In FIG. 35,
a magnified view of the insulin peak is given, which clearly
shows a mechanical vibration of the nanomembrane with a
resonance frequency of ~12.05 MHz. FIG. 3¢ shows a super-
position of the signal obtained for each of the three proteins,
and illustrates that the first peak height (labeled as #) and the
frequency of the membrane oscillation, once initiated by the
impact of the ion packet, do not depend strongly upon the m/z
of the impinging ions. The maximum and minimum ampli-
tudes of the insulin peak are 21.7 mV and —18.7 mV, respec-
tively, which correspond to a maximum of 40 pA and a
minimum of 19.8 pA of the field emission current. The cor-
responding average displacements to yield this level of field
emission current were found to be +6.5 um and -7.7 um with
respect to the average static displacement of 39.5 pm (with
voltage and distance between the nanomembrane and the
extraction gate set to 1.25 kV and 127 pm, respectively).

The transduction of ion kinetic energy into membrane
oscillation is described well by a thermomechanical model®®.
In this model, when accelerated ions propagate through the
flight tube and bombard the absorber, the kinetic energy (in
MALDI-TOF, typically 25 keV) is transformed mostly into
thermal energy. This raises the temperature in the vicinity of
the impact site causing a non-uniform temperature distribu-
tion across the nanomembrane. This thermal gradient leads to
thermomechanical forces, resulting in mechanical deforma-
tion and vibrations of the nanomembrane. The deformation
and vibrations of the nanomembrane due to the thermal force
and the applied DC-voltage onto the nanomembrane can be
expressed by*’

%\ DA — FAF = -Eo v lvde
T A 73

where C is the vertical displacement, p is the density, h is
thickness of the nanomembrane, D=Eh*/12(1-0?) is the flex-
ure rigidity, E is Young’s modulus, o is the Poisson ratio, F is
the stretching force per unit length of the edge of the
nanomembrane, a is the thermal expansion coefficient, T is
the temperature increase above a uniform ambient level, V is
the extraction gate voltage, and C is the capacitance between
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the nanomembrane and the extraction gate. The first and
second terms on the right correspond to the forces generated
by the thermal gradient and the electrostatic voltage, respec-
tively.

The evolution of the mechanical vibration can be divided
into two major time regimes, (i) a transient, and (ii) a relax-
ation. The transient is initiated by the leading edge of the ion
packet, which causes the thermal gradient and thus initiates
the membrane excitation. In the subsequent relaxation pro-
cess, the non-uniform temperature distribution established by
the leading edge of the ion packet becomes uniform by ther-
mal conduction while the rest of the ions in the ion packet
continue to impinge upon the nanomembrane. These ions do
cause additional temperature changes, but the gradient they
produce is not steep enough to reinitiate the vibration. Thus,
the vibration ceases, the nanomembrane relaxes back to ther-
mal equilibrium, and is ready to sense the arrival of any
subsequent ion packets.

A Fourier transformation of the trace in FIG. 3a, shown in
FIG. 3d, reveals the mechanical modes excited by ion bom-
bardment and their contributions to the overall power spec-
trum. The characteristic frequencies for the vibration of the

nanomembrane, f, , can be expressed by’

1 [F@+
fii= 2 ph

where 1is the side length of the nanomembrane, 1 and j are
integer values, p is the density, h is thickness of the nanomem-
brane, and F is the stretching force per unit length of the edge
of the nanomembrane.

The dominant feature in the power spectrum is the central
mode f, ,=12.05 MHz (8), with sidebands on both sides due
to its mixing with other frequencies. The three other dominant
modal frequencies found from the power spectrum are:
1, ,=3.65 MHz (B), 1, ,=7.52 MHz (v), and {5 5=8.94 MHz
(). These modes are mixed with the most dominant mode,
f, ,=12.05 MHz (6), due to the nonlinearity of Fowler-Nord-
heim field emission®®, yielding multiple sets of two side-
bands, 6-f,; and 6+f, . In addition to the four dominant
modes, the fundamental mode with the characteristic fre-
quency, f; ;=1.825 MHz, can be derived from equation [2].
The mechanical vibration shape corresponding to each mode
is shown in FIG. 3f. In the time domain, the mixing of each
mode results in modulation of their amplitudes. It should be
noted that the fundamental mode, 1} , does not appear at the
frequencies of 81, | and 6+f, , in the power spectrum and
there is a peak near DC, labeled as a*. This is due to over-
damping of the fundamental mode by the applied electrostatic
force. The coefficient a* is the sinusoidal decomposition of
the overdamped fundamental mode (see supplementary
information). A numerical calculation for the mixing of the
overdamped fundamental mode 1, ; with £, ,(y), and 1 ,(6),
yields an oscillation profile that closely resembles the experi-
mental data as shown in FIG. 3e. The envelope of the most
dominant mode, 6, decays exponentially without oscillating
due to modulation by the overdamped fundamental mode (red
dashed line) (see supplementary information).

FIG. 6a in the upper sequence of plots gives the individual
traces of the nanomembrane detector response for four dif-
ferent proteins. As seen the first peak of the nanomembrane’s
response to proteins show almost identical amplitudes. Plot-
ting these first peaks’ amplitudes and widths vs. the mass
range (proportional to the flight time) indicates that the ampli-
tude is almost constant. This enables operation of the nano-
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mechanical detector independently of the protein mass. The
width increases for larger masses mainly due to the broader
isotope distribution at higher masses. b, Taking the width of
the first resonance peak as the lower limit of the temporal
resolution, consequently the mass resolution increases
towards higher masses.

The oscillations can be divided into two major time
regimes, (i) a transient, and (ii) a relaxation. The transient
corresponds to the leading edge of the ion packet, which
excites the first peak of the vibration. In the relaxation regime,
the temperature distribution becomes uniform, by thermal
conduction, and the vibration has ceased. FIG. 6a shows
height and width of the first peak for each protein, which falls
into the transient regime. As seen, the height is reduced only
slightly and the width increases slightly at higher masses.
This is mainly due to the shape of the ion packets, which is
smaller in height but broader in width at higher masses due to
the mass broadening caused by isotope distribution. FIG. 65
shows a resolution over the mass range. We used the width of
the first peak as the time resolution of the detector. With the
time resolution being fixed for all masses, the mass resolution
(m/Am) increases with increasing molecule mass.

FIG. 7a shows a comparison of the nanomembrane detec-
tor and a commercial multi-channel-plate (MCP) detector for
the BSA spectrum. The molar concentration of the BSA is 10
uM. Both spectrums are calibrated to have a standard mass of
BSA. The nanomembrane detector reveals many more reso-
nances than the MCP under the same conditions, such as laser
power and MCP bias. The additional resonances detected by
the nanomembrane detector are attributed to fragment ions
generated by the laser irradiation. The height and the width of
the first peak of the resonances over the entire mass range
remain constant with only small variations. FIG. 7¢ shows
good separation between molecular ion and matrix adduct ion
with a temporal difference corresponding to 241 Da, which is
close to the mass of the sinapinic acid matrix (mass 224 Da).
The nanomembrane detector can resolve two ion packets as
long as they are separated by the width of the first peak even
though the second ion packet arrives before the mechanical
vibration excited by the firstion packet has ceased. Therefore,
the time resolution of the nanomembrane detector can be
defined by the width of the first peak through the paper. We
estimate to achieve a lower concentration limit of any given
analyte of below 100-fM, since the effective detector area can
be maximized to larger than 6" and may be limited by the
MCPs active cross section of typically 1.5".

InFIG. 7b, the normalized value of the first oscillation peak
of'the resonances is plotted over the mass range. As seen the
amplitude variation is within the error, indicating as well that
the nanomembrane detector is not limited in range by the
mass.

In FIG. 7¢, provide results for the separation of molecule
ion and matrix adduct ion. Absolute resolution: two ions
arrive at the detector with a temporal difference shorter than
the ring-down time of the nanomembrane resonator was sepa-
rated

FIG. 7d shows a mass resolution with the widths of the first
peak being the time resolution. With the width of the first peak
of the oscillations defining the minimal temporal resolution,
the mass resolution apparently increases towards higher
masses.

FIG. 10 provides a mass spectrum of Angiotensin obtained
using the detection methods and detectors of the present
invention. The operating conditions for this measurement
include: (1) Voltage between the nanomembrane and the
extraction gate: 1.6 kV, (2) Acceleration voltage: 20 kV, (3)
Matrix: a-cyano-4-hydroxycinnamic acid, (4) Nanomem-
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brane thickness: 42 nm, (5) Thickness of the metal on both
sides of the nanomembrane: 13 nm. This measurement fur-
ther illustrates the dynamic range of the detectors and detec-
tion methods of the invention.

In conclusion, the present Example provides new methods
and systems for ion detection in time of flight mass spectrom-
etry, based upon the thermomechanical response of a
nanomembrane to an impinging ion packet. The results of this
example suggest that this mode of ion detection offers
improved sensitivity in the mass analysis of large ions and
complex protein mixtures.

Experimental Section
Methods.

A thin layer of'silicon nitride (Si;N,, ~46 nm) is deposited
on both sides of a silicon wafer (100) using low-pressure
chemical vapor deposition (LPCVD). The membrane area is
defined by optical lithography and reactive ion etching of
Si;N, on the backside of the silicon wafer. Finally, a square
(25 mm?) triple layer of Al/Si,N /Al is formed by anisotropic
etching of the silicon wafer by potassium hydroxide (KOH)
solution followed by metal sputtering (~13 nm) on both sides
ofthe Si;N, membrane. The nanomembrane was mounted in
the Voyager DE STR and the measurements were carried out
in delayed extraction mode. The proteins and matrix were
purchased from Sigma Aldrich. The mixing of the modes was
calculated using MATL AB Simulink. The mode shapes of the
nanomembrane were calculated using COMSOL v3.3.

The electrostatic force applied by the extraction gate volt-
age causes two important consequences: first, it bulges the
nanomembrane towards the extraction gate. Second, it sup-
ports emission of electrons from the nanomembrane, which is
governed by Fowler-Nordheim field electron emission.

1. Displacement of the Nanomembrane Under Uniform
Electrostatic Force

The displacement of the nanomembrane under uniform
load can be expressed by [1]:

o iE (S1)
Plinas) = Ci —nas + Co0) Ly

where P is the pressure, C,,,. is the displacement at the
center of the nanomembrane, E is Young’s modulus, o is the
residual stress, v is the Poisson’s ratio, t is the thickness of the
nanomembrane, a is one half of the nanomembrane’s length,
and C, and C,(v) are numerical constants.

For small deformations, as described in the first term on
right side, the displacement is proportional to the force and
highly dependent upon the residual stress of the nanomem-
brane. However, for large deformations, as described in the
second term on the right side, the displacement is propor-
tional to the cube-root of the force and dominated by Young’s
modulus. Young’s modulus of the Al/Si;N,/Al tri-layer can
be found by using the rule of mixtures:

E i tayer=E a0 artEsipn, (1-0.41) (82)

where v ; is the volume fraction of Al layer.

FIG. 4a shows a maximum (red circles) and an averaged
(blue squares) displacement of the nanomembrane as a func-
tion of pressure. The pressure induced by the electrostatic
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force applied between the nanomembrane and the extraction
gate can be given by:

Fo  eoVéy (83)

AT 242

P =

where &, is the vacuum permittivity, A isthe area, and V5, ,
and d are the voltage and the distance between the nanomem-
brane and the extraction gate, respectively.

In our particular case, as the nanomembrane deforms its
shape, the displacement between the nanomembrane and the
extraction gate changes continuously. Once the nanomem-
brane is deformed, the distance between the nanomembrane
and the extraction gate becomes a function of position, (x,
Y,V ap)- The shape function of the deformed nanomembrane
can be given by [1]:

4(x, y, Vou ) = (54)

2., .2 2.2
X+ x ax 7w
Y +1.1611—ij cos—cos Y
a a a

gm(vc,v,)(l +0.4017— 5ocos 5

where C,,. is the displacement at the center of the
nanomembrane, and a is one half of the nanomembrane’s
length.

The average displacement over the nanomembrane’s sur-
face can be given by:

f f 25, y. Vo dxdy

(2a)*

(S5)

Save(Vom) =

The ratio of averaged and maximum displacement for a
given pressure, o, can be found by:

~ LaveWan) (86)

= =0.48375
Gmax(Vau )

Therefore, the distance between the nanomembrane and
the extraction gate is:

AV 620)=0Cave Vorn) =80~ G e Vs (87

where d,=127 um is the initial distance between the
nanomembrane and the extraction gate.

Substituting equation (S7) into equation (S3) yields an
equation for the pressure as a function of voltage applied
between the nanomembrane and the extraction gate:

£o VéM (S 8)

~ 2do — oy (Ve )

3

Therefore, the pressure can be converted into the voltage
applied between the nanomembrane and the extraction gate,
Var as shown in FIG. S15. The maximum static displace-
ment (red circles) of 81.7 um and the averaged static displace-
ment (blue squares) of 39.5 um were calculated for V,, at
1.25kV.
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1I. Field Emission from Deformed Nanomembrane.
A modified Fowler-Nordheim (FN) equation [2], which
takes this shape function into account, can be found by sub-
stituting equation (S7) into the FN equation and expressed by:

Vem (59)

d(Vou)

)zexp( —Bd(Vgu) ),

I = A( Voum

where A and B are material dependent constant.

FIG. 5a shows a measured field emission current from the
deformed nanomembrane plotted in Fowler-Nordheim repre-
sentation (red dots). The blue line represents the calculated
field emission current according to the modified FN equation
given in equation (S9) and shows good agreement with the
measured field emission current. The field emission current of
29.15 pA was observed for V5,,0f 1.25 kV.

III. Dynamic Displacement of the Nanomembrane

The maximum and minimum of the insulin peak in FIG. 3a
are 21.7 mV and -18.7 mV, respectively. The field emission
current to yield this level of voltage across the load resistor
with the MCP gain can be found by

1% (510

Iy = ———7—,
Rioad X Gainycp

where 1, is the field emission current, V is the voltage
measured, R, ,is the load resistance, and Gain, ;. is the gain
of the MCP.

These result in a maximum of 40 pA and a minimum of
19.8 pA for the field emission current with the potentiometer
resistance of 2 k€2, the input impedance of the oscilloscope of
1 MQ, and the MCPs gain of 10°. The distance between the
nanomembrane and the extraction gate yielding this level of
field emission current can be found by using equation (S9)
with a V5, set at 1.25 kV. The averaged dynamic displace-
ments of the nanomembrane were found to be +6.5 um and
-7.7 um with respect to the averaged static displacement of
39.5 um, as shown in FIG. 5b.

As DC Field

IV. Mechanical Vibration of the Nanomembrane.

The vibration modes of the nanomembrane, g, (1), can be
described by harmonic oscillators with the characteristic fre-

quencies , ;, damping factor k, ;, and external force 1(t):

¥, +2kijwij Y +wid = [,
f !
where the characteristic frequencies, f; ; are:

1 1@+ p 512
fi= g~

where T is tension per unit length, p is density, h is thick-
ness, and i and j are integer values. The four dominant mode
frequencies obtained from the FFT spectrum are: f, ,=3.65
MHz, f, ,=7.52 MHz, f; ;=8.94, and f, ,~12.05 MHz. The
fundamental mode with the characteristic frequency,
1, ;=1.825 MHz, can be derived from equation [2]. This fun-
damental mode is overdamped due to the applied electrostatic
force. The indications for the overdamped fundamental mode

(811
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can be found in the time domain traces of FIGS. 35 and 3¢. In
FIG. 3¢, the second peak amplitude, labeled as V¥, is higher
when compared to the first peak amplitude, labeled as 4,
indicating that the amplitudes are modulated by a lower fre-
quency mode. However, the envelope of the peaks then
decays to equilibrium without oscillating as shown in FIG.
3b. The overall envelope shape resembles a typical response
of overdamped harmonic oscillators.

We consider the force induced by ion bombardments with
normalized Gaussian function, which can be expressed by:

(r—mz] (S13)

202

Jo=

el
exp| —
ovV2r

where o is the standard deviation, p is the mean.

Solving equation (S11) with three dominant mode frequen-
cies, o, ; ¥, 4 4, and w, ,, separately using Matlab Simulink
yields results for T, ,*(t), T, 4(1), and &, (0. (* indicates
overdamped oscillations). Mixing of these three modes yields
not only superposition of modes but also superposition of the
product of each mode with different weights. Therefore, T(t)
can be given by:

CO=aty  *(O+DT 4 (0)+cTy  *(DT 4D+ 7(D)+€T 1 *
(D7, 7044 40T 7(0)+g

where a, b, ¢, d, e and fare numerical constants and g is the
DC component.

It should be noted that T, ,(t) and T, ,*(t) T, (t) as well as
Cy4(t) and €, *(DT, 4(t) cannot be distinguished due to the
phase noise and low value of f, , *. As shown in FIG. 3e, the
maximum amplitude of the overdamped fundamental mode
coincides with the second peak of the most dominant mode, 6,
resulting in a higher second peak amplitude, labeled as V,
when compared to the first peak amplitude, labeled as <, The
envelope ofthe most dominant mode, 6, decays exponentially
without oscillating due to modulation by the overdamped
fundamental mode.
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EXAMPLE 2

Quasi-Dynamic Mode of Nanomembranes for
Time-of-Flight Mass Spectrometry of Proteins

Mechanical resonators realized on the nano-scale by now
offer applications in mass-sensing of biomolecules with
extraordinary sensitivity. The general idea is that perfect
mechanical biosensors should be of extremely small size to
achieve zepto-gram sensitivity in weighing single molecules
similar to a balance. However, the small scale and long
response time of weighing biomolecules with a cantilever
restricts their usefulness as a high-throughput method. Com-
mercial mass spectrometry (MS), such as electro-spray ion-
ization (ESI)-MS and matrix-assisted laser desorption/ion-
ization (MALDI)-time of flight (TOF)-MS are the gold
standards to which nanomechanical resonators have to live
up. These two methods rely on the ionization and acceleration
of' biomolecules and the following ion detection after a mass
selection step, such as time-of-flight (TOF). Hence, the spec-
trum is typically represented in m/z, i.e. the mass to ionization
charge ratio. In this Example, we demonstrate the feasibility
and mass range of detection of a new mechanical approach for
ion detection in time-of-flight mass spectrometry. The prin-
ciple of which is that the impinging ion packets excite
mechanical oscillations in a silicon nitride nanomembrane.
These mechanical oscillations are henceforth detected via
field emission of electrons from the nanomembrane. Ion
detection is demonstrated in MALDI-TOF analysis over a
broad range with angiotensin, bovine serum albumin (BSA),
and an equimolar protein mixture of insulin, BSA, and Immu-
noglobulin G (IgG). The results show unprecedented mass
range of operation of the nanomembrane detector.

Mass spectrometry is a system comprised of three major
parts: an ionization source, which converts molecules to ions,
a mass analyzer, which separates ions by their mass to charge
ratio, and an ion detector. Mass spectrometry was revolution-
ized in the late 1980s by the invention of electrospray ioniza-
tion (ESI)' and matrix-assisted laser desorption/ionization
(MALDI)*, which jointly provided means of generating
ions from previously inaccessible large molecules such as
proteins and peptides. Mass analyzer designs, such as the
time-of-flight (TOF) methods, have since evolved to accom-
modate the large ions that are produced, providing dramatic
improvements in performance. Mass spectrometry has
become one of the most attractive methods for rapid identi-
fication and the classification of complex proteins. These
tremendous improvements over the past decades helped to
complete the genome sequencing.

In the most common method of mass spectrometry
MALDI-TOF, molecules are first vaporized and typically
singly or doubly ionized, before being accelerated in an elec-
tric field, and directed into a field-free drift tube where they
separate by mass-to-charge ratio (m/z). Finally, the ions inter-
act with a detector. Since the ions acquire the same kinetic
energy when they are accelerated, their velocity and time of
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flight differs according to their m/z-ratio. The use of TOF
mass analyzers provides an unlimited m/z-range and hence is
particularly important for the mass analysis of large ions with
low charge states produced with MALDI. Despite the essen-
tially unlimited m/z-range of TOF, the m/z-range of mass
spectrometers is limited by the detectors. In these conven-
tional detectors ions are identified by secondary electron gen-
eration, such as in electron multipliers (EM) or micro-channel
plates (MCP)*. The efficiency of these detectors is propor-
tional to the velocity of the incident ion. In TOF mass spec-
trometry, ions with higher mass inherently have lower veloc-
ity, this leads to a decrease in ion detection efficiency for large
ions®>1°. Obviously, this creates a big demand for a detector
with detection efficiency independent of ion velocity.

The ideal TOF detector fulfills the following criteria'*: (1)
it should have a large area, as the ion packets can have con-
siderable spatial extent by the time they reach the end of the
drift tube; (2) it should be fast in responding to the incoming
ions and in order to provide the necessary timing resolution
between ions as well as successive ion packets; (3) it should
be sensitive, so that as few ions as possible can be detected;
and (4) it should be compatible with existing mass spectrom-
eter technology. In this Example we demonstrate the feasibil-
ity of an unconventional operating principle of nanomechani-
cal systems for mass spectrometry, namely to measure the
impact of impinging biomolecules onto a nanomechanical
system.

Mechanical systems typically interact with their environ-
ment either by (i) statically deforming their shape or (i) in a
dynamical fashion with an alteration of their resonance fre-
quency or (iii) by the onset of oscillations, also labeled the
quasi-dynamic mode. The fundamental idea of the static
mode (i) is the transduction of the surface stress induced by
intermolecular force into a displacement of the mechanical
system, e.g. cantilever. As molecules are adsorbed on the
cantilever surface, charge will be removed from or added to
the bonds between the cantilever surface atoms depending on
the electronegativity of the adsorbate molecules, i.e. electron
donor or acceptor, with respect to the cantilever surface. The
change of the charge density between the cantilever surface
bonds decreases or increases the tensile surface stress, result-
ing in mechanically bending the cantilever'?. This bending
can be determined straight forwardly with a laser interferom-
eter'>'” Fritz et al."® have first demonstrated the detection of
DNA-strands using functionalized surface of cantilevers.
Functionalization of a cantilever’s surface can be achieved by
immobilizing a monolayer of receptor molecules on one side
of'it. In a liquid environment, the cantilevers are then suscep-
tible to spurious deflection caused by temperature changes
and fluidic disturbances. Differential measurement, which is
a simultaneous measurement of an in situ reference cantilever
aligned with the sensor cantilever, can eliminate these envi-
ronmental factors'®. This mode of operation has demon-
strated its unique ability for label-free detection of various
bio-molecules and their interactions, but fails to meet the first
two and the last criteria for mass spectrometer detectors.

In the dynamic mode (ii), the resonance frequency of the
nanomechanical resonator, usually a cantilever or doubly
clamped beam, is perturbed, e.g. by surface adsorption of
molecules. This mode enables the measurement of masses
with high sensitivity. The resonance frequency of nanome-
chanical resonators is connected to the effective mass of the
resonator. As molecules are adsorbed on the resonator, the
effective mass of the resonator increases, resulting in a reso-
nance frequency shift. The relation between this shift and the
mass change, assuming that the adsorbed mass is distributed
evenly along the resonator, can be expressed by

20

25

30

35

40

45

50

55

60

65

34

fo (1

Af =5 -am

where the Af is the shift in resonance frequency, f, is the
resonance frequency, m,, is the initial mass of the nanome-
chanical resonator, and Am is the change in mass. A detailed
analysis of the responsivity function R(x), which is the ratio
of the shift in resonance frequency Af to the change in mass
Am, as a function of position x, of the adsorbed mass along the
beam can be performed’”. This mode of operation has been
demonstrated exceptional mass sensitivity in air or vacuum'”-
However, in liquid environment, viscosity severely
degrades mass resolution and sensitivity. Burg et al.>%2®
eliminate viscosity damping by placing the solution inside a
hollow resonator and have demonstrated weighing of single
nanoparticles, single bacterial cells and biomolecules with
sub-femtogram resolution. Biosensors in this mode of opera-
tion exhibit extraordinary sensitivity, but suffer from long
response times.

The quasi-dynamic mode (ii) finally is based on the trans-
duction of the kinetic energy of the bio-molecules bombard-
ing the surface the nanomembrane into the mechanical oscil-
lations®®. As high-energy ion packets hit the nanomembrane,
the kinetic energy is transformed into thermal energy. This
raises the temperature in the vicinity of the impact site caus-
ing a non-uniform temperature gradient over the nanomem-
brane. This results in a force, which in turn leads to a thermal
deformation and mechanical vibration of the nanomembrane.
Unless a successive ion packet arrives, the vibration ceases,
and eventually the nanomembrane falls back to its equilib-
rium position. The vibration of the nanomembrane can be
detected by a position sensor®, which is in our case by means
of field emission' . The induced vibrations of the nanomem-
brane caused by the thermal gradient can be expressed by>°

25.

" » -Ex @
phé + DA% — FAZ =

— VT
31 -20)

where C is the vertical displacement, p is the density, h is
thickness of the nanomembrane, D=Eh*/12(1-0?) is the flex-
ure rigidity, E is Young’s modulus, o is the Poisson ratio, F is
the stretching force per unit length of the edge of the
nanomembrane, ¢ is the thermal expansion coefficient, and T
is the temperature increase above a uniform ambient level.

The characteristic frequencies for the vibration of the
nanomembrane, {; , can be expressed by>°

1 [F@+ )
2 ph

where i and j are integer values, 1 is the side length of the
nanomembrane, p is the density, h is thickness, and F is the
stretching force per unit length of the edge of the nanomem-
brane.

In an early experiment it was shown that the vibrations of
Beryllium foil windows can be driven by plasma particle
bombardment®. Recently, we successfully demonstrated ion
detection using this mode of operation with a MALDI-TOF
analysis of proteins''. The mass range investigated was in
between 5,729 (insulin) up to 150,000 (Immunoglobulin G)

3)
fij=
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Dalton''. This mode of operation provides a convenient and
practicable approach of sensing molecules by a nanome-
chanical sensor.

As mentioned above our approach to mass spectrometry is
based upon the quasi-dynamic mode of operation of large
cross-section nanomembranes. In FIG. 11a the detector com-
position is shown consisting of four parts: a nanomembrane,
an extraction gate, an MCP, and an anode. In the present work
this detector is placed at the end of the flight tube in a com-
mercial MALDI-TOF mass spectrometer (Perseptive Biosys-
tems Voyager-DE STR). The square nanomembrane with a
cross sectional area of 5x5-mm? is composed by a suspended
tri-layer of Al/Si;N,/Al. The metal layers on top and below
the Si;N, act as a cathode for electron emission and absorber
of incident ions, respectively. The fabrication of the sus-
pended tri-layer nanomembrane is as follows: a thin layer of
silicon nitride (Si;N,, 42~46 nm) is deposited on both sides of
a silicon wafer (100) using low-pressure chemical vapor
deposition (LPCVD). The membrane area is defined by opti-
cal lithography and reactive ion etching of Si;N,, on the back-
side of the silicon wafer. Finally, a square (5x5 mm?) triple
layer of Al/Si;N,/Al is formed by anisotropic etching of the
silicon wafer by potassium hydroxide (KOH) solution fol-
lowed by metal sputtering (~13 nm) on both sides of the Si;N,
membrane. The principle of operation of the detector is illus-
trated in FIG. 115: with the voltage applied between the
nanomembrane and the extraction gate, mechanical vibra-
tions of the nanomembrane excited by ion bombardment
translate into corresponding oscillation in the field emission
current. The modulated field emission current is then ampli-
fied by the MCP and collected by the anode before being
recorded on the oscilloscope. In addition to the force, which
is induced by the ion bombardment, the DC voltage applied
between the nanomembrane and the extraction gate will
induce the electrostatic force. The vibrations and the defor-
mation due to the thermal force and DC voltage can be
expressed by

Eo
—— VT

- dc
3(1-20) 2

1
_Zyrl=
as

ph? + DAY — FA? = @

where V and C are the voltage and capacitance between the
nanomembrane and the extraction gate, respectively.

FIG. 11¢ shows a MALDI mass spectrum obtained using
the nanomembrane detector for angiotensin (1,296 Dalton
(Da)) in an a-Cyano-4-hydroxycinnamic acid matrix. The
molar concentration of the angiotensin is 10 M. In addition
to the singly charged angiotensin peak, the tetramer matrix
and the tetramer matrix adduct angiotensin peaks are
observed at a time-of-flight of 26.5 us and 43.5 ps, respec-
tively. The voltage and distance between the nanomembrane
and the extraction gate are set to 1.6 kV and 127 um, respec-
tively, while the acceleration voltage is set to 20 kV.

In order to compare a conventional MCP to the nanomem-
brane detector, we measured the same spectra and swapped
the two detectors in the same MALDI-TOF unit. The result is
shown in FIG. 12: the upper panel gives the nanomembrane
detector’s response, while the lower panel shows the same
BSA spectrum traced with a chevron MCP detector. The
molar concentration of the BSA is 10 uM. Both spectra are
calibrated to have a standard mass of BSA when the time of
flight is converted to the corresponding m/z. The nanomem-
brane detector ‘sees’ more peaks than the MCP under the
same conditions such as laser power and MCP bias. The
additional resonances are only detected by the nanomem-
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brane detector and can be attributed to either fragment ions
generated in the MALDI process or during the TOF transi-
tion. If the proteins fragment within the TOF-unit, it is pos-
sible that the nanomembrane can ‘see’ uncharged molecules,
typically labeled as neutrals. The resonance frequency of the
most dominant mode was found to be ~18.8 MHz (with
voltage between the nanomembrane and the extraction gate
set to 1.7 kV and acceleration voltage set to 25 kV). The
height of the resonances over the entire mass range of interest
for angiotensin and BSA remains constant with only small
variations as shown in FIGS. 11¢ and 12.

In order to test the nanomembrane detector with a more
complex protein mixture we use an equimolar protein mix-
ture (3.3 uM each) of insulin (5,729 Da), BSA, and immuno-
globulin G (IgG, ~150,000 Da) in a sinapinic acid matrix.
FIG. 13a shows the resulting MALDI mass spectrum
obtained using our nanomembrane detector with the voltage
between the nanomembrane and the extraction gate set to
1.25 kV and an acceleration voltage of 20 kV. In addition to
the three singly charged insulin, BSA, and IgG peaks, addi-
tional peaks are revealed. We speculate that these are frag-
ment ions or neutrals generated in the MALDI-TOF unit.

FIG. 135 shows the expanded regions for insulin, BSA, and
IgG peaks in the sub-microsecond range. On this time scale
the mechanical vibrations of the nanomembrane can be
clearly resolved. With the appearance of the first peak (la-
beled as V) enough energy is transferred to cause the onset of
mechanical oscillations. FIG. 13¢ shows the height of the first
peak (labeled as V in FIG. 135) for each protein (dots) and
their linear regression (line). The height of the first peak of
insulin, BSA and IgG is normalized to the height of first peak
of insulin. As seen, the normalized peak height is reduced
only slightly at higher masses (less than 20% up to 150 kDa).
The inset shows the extrapolation of a linear regression to
zero intensity in log-scale and indicates that the upper mass
limit of the detector is found to be 1.5 MDa. An interesting
aspect of this detector is the fact that the height of the peak is
not highly dependent upon the m/z value. These features of
the nanomembrane detector offer potential for improved per-
formance in the analysis of large molecules.

In order to examine the resolving power (Am), we use the
full-width-at-half-maximum (FWHM) of the envelope of the
oscillations as a definition for Am, as indicated by the two
arrows in the inset of FIG. 14a. It shows the expanded region
of the BSA peak along with the envelope (red line) and
FWHM (blue arrows) of the oscillations. FIG. 14a shows this
resolving power of the nanomembrane detector (black
circles) and their linear regression (red line) over the mass
range from 5 kDa to 150 kDa. In order to test the validity of
our definition of the resolving power, we now focus on an
expanded region of the detector’s response. FIG. 145 shows
the expanded region of the peak, which is enclosed in the blue
box in FIG. 13a. It demonstrates the separation of two ion
packets with m/z of 39,533 and 39,773 Da arriving at the
detector with a temporal difference corresponding to ~240
Da. This resolving power of 240 Da is labeled by a * in FIG.
14q. It directly matches the linear regression of resolving
power obtained from the data. It should be noted that the
FWHM of the oscillations is highly dependent on the relax-
ation time, which in turn is determined by the mechanical
properties of the nanomembrane. Therefore, the resolving
power can be strongly improved by exciting higher order
modes of oscillations, which dissipates its energy quickly.

FIG. 15 shows the comparison of the nanomembrane
detector (top panel) and a commercial detector (bottom
panel) for the MALDI analysis of the protein mixture origi-
nally used in FIG. 13. The commercial detector consists of a
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chevron MCP, a phosphor screen, and a photomultiplier tube.

The mass spectrum obtained using the commercial detector

shows the limitation of the conventional detector for the

analysis of large m/z mixture ions, where detector saturation
effects come in to play. The MCP detector barely shows the

BSA peak and cannot reveal the IgG, while the nanomem-

brane detector provides a rich spectrum.

In conclusion, this Example demonstrates an unprec-
edented mass range delivered by nanomembrane detectors
operating in the quasi-dynamic mode. This extremely broad
mass range lends itself for the analysis of large ions with a
mass to above 1 MDa. The detector can be readily applied to
commercial mass spectrometry, as we have shown.
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STATEMENTS REGARDING INCORPORATION
BY REFERENCE AND VARIATIONS

All references throughout this application, for example
patent documents including issued or granted patents or
equivalents; patent application publications; and non-patent
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literature documents or other source material; are hereby
incorporated by reference herein in their entireties, as though
individually incorporated by reference, to the extent each
reference is at least partially not inconsistent with the disclo-
sure in this application (for example, a reference that is par-
tially inconsistent is incorporated by reference except for the
partially inconsistent portion of the reference).

U.S. Patent Publication Nos. US-2007-0023621 and 2010-
0320372 relate to detectors for mass spectrometry having a
nano- or microstructured membrane geometry and are hereby
incorporated by reference.

The terms and expressions which have been employed
herein are used as terms of description and not of limitation,
and there is no intention in the use of such terms and expres-
sions of excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that various
modifications are possible within the scope of the invention
claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred
embodiments, exemplary embodiments and optional fea-
tures, modification and variation of the concepts herein dis-
closed may be resorted to by those skilled in the art, and that
such modifications and variations are considered to be within
the scope of this invention as defined by the appended claims.
The specific embodiments provided herein are examples of
useful embodiments of the present invention and it will be
apparent to one skilled in the art that the present invention
may be carried out using a large number of variations of the
devices, device components, methods steps set forth in the
present description. As will be obvious to one of skill in the
art, methods and devices useful for the present methods can
include a large number of optional composition and process-
ing elements and steps.

When a group of substituents is disclosed herein, it is
understood that all individual members of that group and all
subgroups, including any isomers, enantiomers, and diaste-
reomers of the group members, are disclosed separately.
When a Markush group or other grouping is used herein, all
individual members of the group and all combinations and
subcombinations possible of the group are intended to be
individually included in the disclosure. When a compound is
described herein such that a particular isomer, enantiomer or
diastereomer of the compound is not specified, for example,
in a formula or in a chemical name, that description is
intended to include each isomers and enantiomer of the com-
pound described individual or in any combination. Addition-
ally, unless otherwise specified, all isotopic variants of com-
pounds disclosed herein are intended to be encompassed by
the disclosure. For example, it will be understood that any one
or more hydrogens in a molecule disclosed can be replaced
with deuterium or tritium. Isotopic variants of a molecule are
generally useful as standards in assays for the molecule and in
chemical and biological research related to the molecule or its
use. Methods for making such isotopic variants are known in
the art. Specific names of compounds are intended to be
exemplary, as it is known that one of ordinary skill in the art
can name the same compounds differently.

Many of the molecules disclosed herein contain one or
more ionizable groups [groups from which a proton can be
removed (e.g., —COOH) or added (e.g., amines) or which
can be quaternized (e.g., amines)]. All possible ionic forms of
such molecules and salts thereof are intended to be included
individually in the disclosure herein. With regard to salts of
the compounds herein, one of ordinary skill in the art can
select from among a wide variety of available counterions
those that are appropriate for preparation of salts of this
invention for a given application. In specific applications, the
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selection of a given anion or cation for preparation of a salt
may result in increased or decreased solubility of that salt.

Every formulation or combination of components
described or exemplified herein can be used to practice the
invention, unless otherwise stated.

Whenever a range is given in the specification, for
example, a temperature range, a time range, or a composition
or concentration range, all intermediate ranges and sub-
ranges, as well as all individual values included in the ranges
given are intended to be included in the disclosure. It will be
understood that any subranges or individual values in a range
or subrange that are included in the description herein can be
excluded from the claims herein.

All patents and publications mentioned in the specification
are indicative of the levels of skill of those skilled in the art to
which the invention pertains. References cited herein are
incorporated by reference herein in their entirety to indicate
the state of the art as of their publication or filing date and it
is intended that this information can be employed herein, if
needed, to exclude specific embodiments that are in the prior
art. For example, when composition of matter are claimed, it
should be understood that compounds known and available in
the art prior to Applicant’s invention, including compounds
for which an enabling disclosure is provided in the references
cited herein, are not intended to be included in the composi-
tion of matter claims herein.

Unless defined otherwise, all technical and scientific terms
used herein have the same meanings as commonly under-
stood by one of ordinary skill in the art to which this invention
belongs. Although any methods and materials similar or
equivalent to those described herein can be used in the prac-
tice or testing of the present invention, the preferred methods
and materials are now described. Nothing herein is to be
construed as an admission that the invention is not entitled to
antedate such disclosure by virtue of prior invention.

Asused herein, “comprising” is synonymous with “includ-
ing,” “containing,” or “characterized by,” and is inclusive or
open-ended and does not exclude additional, unrecited ele-
ments or method steps. As used herein, “consisting of”
excludes any element, step, or ingredient not specified in the
claim element. As used herein, “consisting essentially of”
does not exclude materials or steps that do not materially
affect the basic and novel characteristics of the claim. In each
instance herein any of the terms “comprising”, “consisting
essentially of” and “consisting of” may be replaced with
either of the other two terms. The invention illustratively
described herein suitably may be practiced in the absence of
any element or elements, limitation or limitations which is not
specifically disclosed herein.

It must be noted that as used herein and in the appended
claims, the singular forms “a”, “an”, and “the” include plural
reference unless the context clearly dictates otherwise. Thus,
for example, reference to “a cell” includes a plurality of such
cells and equivalents thereof known to those skilled in the art,
and so forth. As well, the terms “a” (or “an”), “one or more”
and “at least one” can be used interchangeably herein. It is
also to be noted that the terms “comprising”, “including”, and
“having” can be used interchangeably. The expression “of
any of claims XX-YY” (wherein XX and YY refer to claim
numbers) is intended to provide a multiple dependent claim in
the alternative form, and in some embodiments is inter-
changeable with the expression “as in any one of claims
XX-YY”

One of ordinary skill in the art will appreciate that starting
materials, biological materials, reagents, synthetic methods,
purification methods, analytical methods, assay methods, and
biological methods other than those specifically exemplified
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can be employed in the practice of the invention without
resort to undue experimentation. All art-known functional
equivalents, of any such materials and methods are intended
to be included in this invention. The terms and expressions
which have been employed are used as terms of description
and not of limitation, and there is no intention that in the use
of'such terms and expressions of excluding any equivalents of
the features shown and described or portions thereof, but it is
recognized that various modifications are possible within the
scope of the invention claimed. Thus, it should be understood
that although the present invention has been specifically dis-
closed by preferred embodiments and optional features,
modification and variation of the concepts herein disclosed
may be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the
scope of this invention as defined by the appended claims.

We claim:

1. A method of detecting analytes, the method comprising:

a) providing a detector comprising:

a membrane having a receiving surface for receiving the
analytes, and an internal surface positioned opposite
to the receiving surface, wherein the membrane is a
material selected from the group consisting of a semi-
conductor, a metal and a dielectric material, and
wherein the membrane has a thickness selected from
the range of 5 nanometers to 50 microns;

a holder for holding the membrane, wherein said holder
contacts said membrane at one or more contact points;

an extraction electrode positioned so as to establish an
applied electric field on the internal surface of the
membrane or an electron emitting layer provided on
the internal surface of the membrane, thereby causing
emission of electrons from the internal surface or the
electron emitting layer; and

an electron detector positioned to detect at least a portion
of the electrons emitted from the internal surface or
the electron emitting layer;

b) generating a non-uniform temperature distribution
along a thickness dimension, lateral dimension, vertical
dimension or any combination of these of the membrane
by contacting the receiving surface with the analytes,
thereby exciting a mechanical deformation of the mem-
brane that modulates the emission of electrons from the
internal surface of the membrane or the emitting layer;
and

¢) detecting the electrons emitted from the internal surface
of the membrane or the emitting layer.

2. The method of claim 1, wherein the non-uniform tem-
perature distribution is along at least a portion of the thickness
of the membrane.

3. The method of claim 1, wherein the non-uniform tem-
perature distribution extends along one or more lateral dimen-
sions, said vertical dimension or any combination of said
lateral dimensions and said vertical dimension of the mem-
brane.

4. The method of claim 1, wherein the non-uniform tem-
perature distribution extends to said one or more contact
points or a region of the membrane within 100 nanometers of
a contact point.

5. The method of claim 1, wherein the non-uniform tem-
perature distribution extends to one or more edges of the
membrane.

6. The method of claim 1, wherein the non-uniform tem-
perature distribution is greater than average thermal fluctua-
tion at a temperature of 298 K.
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7. The method of claim 1, wherein the non-uniform tem-
perature distribution is characterized by a thermal gradient
greater than or equal to 90K/nm.

8. The method of claim 1, wherein the non-uniform tem-
perature distribution is characterized by a thermal gradient
selected over the range of 90K/nm to 910K/nm.

9. The method of claim 1, wherein the non-uniform tem-
perature distribution is characterized by an increase in tem-
perature at a rate greater than or equal to 7.9x10"*K/sec.

10. The method of claim 1, wherein the non-uniform tem-
perature distribution is characterized by an increase in tem-
perature at a rate selected over the range of 7.9x10"*K/sec to
8.03x10"*K/sec.

11. The method of claim 1, wherein the non-uniform tem-
perature distribution is characterized by a thermal gradient
extending a distance of 3 nm to 50 um along the thickness of
the membrane.

12. The method of claim 1, wherein the membrane is an
overdamped oscillator.

13. The method of claim 1, wherein the membrane is an
overdamped harmonic oscillator.

14. The method of claim 1, further comprising measuring
intensities of the electrons emitted from the emitting layer as
a function of time, thereby generating a response signal char-
acterized by one or more peaks at different times, wherein
each peak is characterized by a maximum value.

15. The method of claim 14, further comprising the steps
of: identifying the first peak in the response signal corre-
sponding to an earliest time; and

determining the maximum value corresponding to the first

peak.

16. The method of claim 15, wherein the maximum value
corresponding to the first peak is proportional to the amount
of the analytes contacting the receiving surface of the mem-
brane.

17. The method of claim 15, wherein the maximum value
corresponding to the first peak is proportional to the kinetic
energy of the analytes contacting the receiving surface of the
membrane.

18. The method of claim 15, further comprising the step of
determining a detection time corresponding to the maximum
value corresponding to the first peak, wherein the detection
time is proportional to a flight time of the analytes.

19. The method of claim 15, further comprising the step of
determining a width of the first peak, wherein the width
corresponds to a measurement of half of a period of a vibra-
tion of the membrane.

20. The method of claim 15, further comprising the step of
determining a slope of the leading edge of the first peak,
wherein the slope corresponds to a measurement of the
amount of the analytes contacting the receiving surface and
mass broadening due to an isotope distribution of the ana-
lytes.

21. The method of claim 1, wherein the membrane com-
prises a single crystalline material.

22. The method of claim 1, wherein the membrane com-
prises a material selected from the group consisting of Si, Ge,
Si;N,, diamond, graphene, Al, Ga, In, As and any combina-
tions thereof.

23. The method of claim 1, wherein the membrane or
electron emitting layer generates the electrons by field emis-
sion.

24. The method of claim 1, wherein the analytes are ions
derived from peptides, proteins. oligonucleotides, polysac-
charides, lipids, carbohydrates, DNA molecules, RNA mol-
ecules, glycoproteins, lipoproteins or virus capsides.
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25. A method of detecting ions, the method comprising:
a) providing a detector comprising:

a membrane having an receiving surface for receiving
the ions, and

an internal surface positioned opposite to the receiving
surface, wherein the membrane is a material selected
from the group consisting of a semiconductor, a metal
and a dielectric, and

wherein the membrane has a thickness selected from the
range of 5 nanometers to 50 microns;

a holder for holding the membrane, wherein said holder
contacts said membrane at one or more contact points;

an extraction electrode positioned so as to establish an
applied electric field on the internal surface of the
membrane or an electron emitting layer provided on
the internal surface of the membrane, thereby causing
emission of electrons from the internal surface or the
electron emitting layer; and

an electron detector positioned to detect at least a portion
of the electrons emitted from the internal surface or
the electron emitting layer;
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b) passing the ions through a mass analyzer to achieve
physical separation on the basis of mass-to-charge ratio;

¢) generating a non-uniform temperature distribution along
a thickness dimension, lateral dimension, vertical
dimension or any combination of these of the membrane
by contacting the receiving surface with the ions,
thereby exciting a mechanical deformation of the mem-
brane that modulates the emission of electrons from the
internal surface of the membrane or the emitting layer;

d) detecting the electrons emitted from the internal surface
of the membrane or the emitting layer;

e) measuring intensities of the electrons emitted from the
internal surface of the membrane or the emitting layer as
a function of time, thereby generating a response signal
characterized by one or more peaks at different times,
wherein each peak is characterized by a maximum
value;

f) identitying a first peak corresponding to an earliest time;
and

g) determining the maximum value corresponding to the
first peak.
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