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Abstract: Nanoelectromechanical systems (NEMS)-
based mass spectrometry (MS) is an emerging technique
that enables determination of the mass of individual
adsorbed particles by driving nanomechanical devices at
resonance and monitoring the real-time changes in their
resonance frequencies induced by each single molecule
adsorption event. We incorporate NEMS into an Orbi-
trap mass spectrometer and report our progress towards
leveraging the single-molecule capabilities of the NEMS
to enhance the dynamic range of conventional MS
instrumentation and to offer new capabilities for
performing deep proteomic analysis of clinically relevant
samples. We use the hybrid instrument to deliver E. coli
GroEL molecules (801 kDa) to the NEMS devices in
their native, intact state. Custom ion optics are used to
focus the beam down to 40 um diameter with a
maximum flux of 25 molecules/second. The mass spec-
trum obtained with NEMS-MS shows good agreement

with the known mass of GroEL. /
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Introduction

Innovations in mass spectrometry (MS) instrumentation that
combine high resolution, high mass accuracy, and high
throughput have established the position of MS-based
proteomics as the central technological paradigm driving the
post-genomic era. The complete yeast proteome was
quantified in 2008, and in 2014 two groups reported the
first draft of the human proteome.” In all cases, these
analyses were performed using Orbitrap instrumentation.
The Orbitrap™ mass analyzer,” introduced in 2000, alle-
viated the shortcomings of previous analyzers, which
suffered from deleterious factors such as poor transmission,
low mass accuracy, low speed, or limited mass dynamic
range.

Compared with genomic analysis, proteomics confronts a
significant increase in both sample complexity and concen-
tration dynamic range. Humans have approximately 20,000
genes??”! that encode for millions of protein forms.”! Sample
complexity is further compounded by proteolytic digestion
and dissociation, which is commonly employed in “bottom-
up” analysis to achieve accurate analyte identification via
tandem MS spectra. A further complication is the immense
dynamic range required for proteomics; the proteome of a
HeLa cancer cell spans 8 orders-of-magnitude,’” while
protein concentrations in the human plasma proteome span
11 orders of magnitude.”

The complexity of proteomic samples is often addressed
by employing liquid chromatography as an orthogonal
separation technique at the front end. Meanwhile, there
exists no protein analog to the polymerase chain reaction
(PCR), which is used to amplify DNA and RNA to any
quantity. Accordingly, to achieve deep and complete cover-
age of the proteome, analysis with single-protein resolution
is essential. Additionally, at present MS is a single-channel
methodology (providing just one analysis stream), for which
Coulomb repulsion limits the number of molecules that can
be processed simultaneously. The result is that mass
spectrometers, including those using Orbitrap technology,
fall five to six orders-of-magnitude short on dynamic range
needed for deep proteome analysis of clinically relevant
samples. Current studies analyzing the deep proteome are
thus ensemble averages, performed on large samples of cell
clones. !

Consider a hypothetical enhancement to MS instrumen-
tation that increases the dynamic range to the theoretical
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limit. This would allow for the entire proteome from a small
sample, such as that acquired from a single cell, to be readily
analyzed within a reasonable timeframe. This enhancement
could take the form of a device or intermediate analyzer
that examines molecules one-by-one. Here, we report on
progress towards the first generation of such an instrument,
achieved by concatenating a NEMS array behind an Orbi-
trap mass spectrometer.

Nanoelectromechanical Systems (NEMS) are devices
that integrate mechanical functionality with electrical detec-
tion to enable physical measurements on objects of nano-
meter dimensions. Unlike conventional mass spectrometry,
NEMS devices enable measurement of mass via changes in
their mechanical properties; in particular, by resolving the
shift in resonance frequency induced when an individual
analyte physisorbs upon the device surface. NEMS are
typically constructed from materials such as monocrystalline
silicon or silicon carbide. Electron beam lithography along
with nanofabrication processes are used to form simple
resonant structures such as miniature plates, cantilevers, or
beams, or more complex devices that include phononic band
gap isolation, with typical feature sizes of order tens of
nanometers to micrometers. These devices exhibit attributes
that merit their consideration for MS: most notably, their
extreme sensitivity to the addition of single molecules, and
their mass resolution, which actually increases with in-
creased mass within their mass dynamic range that extends
well into the hundreds of MDa regime.®™ This contrasts
markedly with other approaches.

The minute mass of these fabricated structures enables
the detection of tiny added particles, such as nanoparticles,
individual proteins, protein complexes, and large biomole-
cules in the hundreds of kDa to multiple MDa range,"**"
and intact viruses in the multiple MDa range.*" NEMS
also offer promise for single-Dalton resolution of protein
species.” ! The principle behind NEMS-MS lies in driving
mechanical devices at resonance and monitoring the changes
induced in their resonance frequencies in real time as
individual analytes physisorb upon their surface.'” The
abrupt change in frequency shifts that occur with each
adsorption event can thus be used to calculate the mass of
each individual particle.

The uncertainty in measured mass c,, and the minimum
detectable mass of these devices is proportional only to the
frequency fluctuations oy from which the aforementioned
frequency shifts are extracted. Reducing o,, is achieved by
operating the NEMS under vacuum and cryogenic temper-
atures. Over the measurement integration time chosen to
optimally extract frequency shifts, these fluctuations are
observed to remain relatively constant for each device.
Accordingly, the mass uncertainty of each analyte measured
is independent of its mass. In fact, the value m/c,, (referred
to as resolution or resolving power) actually increases with
mass, making NEMS-MS particularly suitable for high mass
species.

NEMS-MS does not inherently require ionization of
analytes. Experimental realizations of neutral-particle detec-
tion with NEMS!"*?* demonstrate they can circumvent issues
associated with ion transfer efficiency or heterogeneous
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peak structure®™! associated with typical MS measurements.
NEMS devices are poised to outperform traditional MS in
the MDa mass range, where traditional MS faces
challenges.™ Significant developments in the field of Native
MS,®! which permit analysis of protein complexes in their
intact state, have dramatically extended the mass range of
Orbitrap analysis, up to the scale of large protein complexes
and viruses,”* although analyte throughput is limited.

Our prior instantiations of NEMS technology have
utilized custom ion optics and vacuum systems to direct
molecules to the NEMS, recreating traditional MS-based
instrumentation de novo.®'! These first instruments demon-
strated relatively low ion flux due to the mismatch between
the typical ion beam size of a few square mm and the cross-
section of a typical NEMS resonator at a few square um.
Work to increase the capture cross section of the ion beam
has been demonstrated with arrays of up to 20 NEMS
devices,” with the possibility of arrays of tens-of-thousands
of devices produced en masse utilizing VLSI fabrication
techniques.”!! Alternatively, ion optics can be used to
significantly shrink the beam size and to implement scanning
of multiple devices; this permits a single NEMS device to
capture a significant fraction of the analytes that approach
it.

Here, we demonstrate the use of an Orbitrap based mass
spectrometer to deliver individual, intact E. coli GroEL
(801 kDa) molecules, a noncovalent protein complex con-
sisting of 14 identical subunits, to an array of 20 NEMS
resonators that can each measure the analyte mass one
molecule at a time. lon optics designed to focus the beam of
GroEL ions to a spot size of 50 um are manufactured and
incorporated into the hybrid instrument. The NEMS array is
used to precisely map the ion flux in three dimensions. The
map thus obtained matches the predicted focusing capability
and is used to find the optimal location for NEMS
operation. An inertial mass spectrum of GroEL is compiled
from each individual absorption event and the measured
mass shows excellent agreement with its expected value. We
discuss future work that will enable the practical use of
NEMS in modern MS instrumentation to extend its capa-
bilities.

Results and Discussion

An overview of the instrument is shown in Figure 1. A
Thermo Scientific™ Q Exactive™ Plus instrument with
Orbitrap detection capable of analyzing the mass-to-charge
ratio of species with extremely high resolving power (up to
140,000 for 200 m/z)FY is modified with extended mass range
(EMR) capabilities and a special quadrupole for selecting
the species of interest. The front end is outfitted with an
electrospray ionization (ESI) or nanoelectrospray (nano-
ESI) ionization source, thus providing an interface for
transferring molecular species from solution to the gas
phase. This is compatible with standardized protocols used
in proteomics or native mass spectrometry research. A
similar instrument was previously constructed and reported
measurement of intact IgG antibody at 149 kDa, yeast
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Figure 1. Real-time detection of GroEL adsorbed onto doubly clamped NEMS beams in high vacuum. a) Architecture of the Hybrid Q Exactive-
NEMS System that delivers intact proteins or protein complexes to the Orbitrap chamber for analysis of mass-to-charge ratio and then onto the
NEMS for single molecule analysis. b) SEM image of a 20-device array of doubly clamped beams shown with silicon, colorized in deep blue, and
the metallization layers (Al:Si), colored in yellow, used to interconnect the electrical connections of each resonator. ¢) Zoom-in on single in-plane
resonator used in this study with colorized actuation gates and bias electrodes. d) As GroEL adsorbs onto a NEMS resonator, the resonance
frequency of each tracked resonant mode abruptly shifts, and this shift in resonant frequency is observed in real time.

proteasome at 730 kDa, and GroEL at 801 kDa,?” and up to
viral nanoparticles at 4.5 MDa.

Successful realization of the hybrid system requires
careful modification of the design of the Q Exactive MS and
provision of the requisite operating conditions of both the Q
Exactive and the NEMS devices. The Q Exactive MS
includes multiple chambers for transferring or trapping ions.
One such chamber, the higher-energy collisional dissociation
(HCD) cell, includes a removable back port that facilitates
our instrument modifications.

Figure 1 provides a schematic overview of the instrumen-
tation. An additional vacuum chamber (NEMS Inlet
Chamber) is attached to the HCD cell after removing its
back plate, followed by a gate valve and a second vacuum
chamber (NEMS Analysis Chamber). The use of two
chambers allows for differential pumping to maintain the
proper vacuum regime for the HCD cell, the Q Exactive
MS, and the NEMS chamber, as well as providing
straightforward NEMS device exchange without breaking
the vacuum of the Q Exactive MS. The HCD cell in the Q
Exactive MS acts as an extended trapping region for larger
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molecular weight complexes. Relatively high pressure
(107* Torr) is used in this chamber, both to trap incoming
ions (so they can be collected in the C-Trap prior to
injection into the Orbitrap) and to remove excess water and
salt molecules via collisions with gas molecules.”” In
contrast, NEMS operation requires low pressure (10~° Torr).
While dissipation of NEMS devices due to collisions with
gas molecules becomes negligible at pressures less than a
few mTorr,* a larger concern is the possibility of significant
adsorption of ambient gas while operating the devices at
cryogenic temperatures. Such adsorption would lead to a
constant drift in resonance frequency of the devices and
enhancement of fluctuation processes that degrade their
noise performance.”®! A CAD model of the system is
provided in Supporting Information Figure S1, and images
of the exterior and interior are provided in Supporting
Information Figure S2.

With this design, the NEMS analysis chamber is main-
tained at a steady pressure of 3x1077 Torr, regardless of the
pressure in the HCD cell. The end-to-end gap between
transfer quadrupoles is set to 5 mm to avoid excessive loss of
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ion transfer efficiency, and a miniature gate valve (VAT)
with a gate thickness of 4 mm is available to make this
possible. The NEMS chip itself is mounted on a printed
circuit board that rests on a XYZ piezoelectric translation
stage (Attocube) that provides 5 mm of travel range with
sub-nanometer positioning precision along the three axes. It
is thermalized to a flow cryostat (Janis), which is cooled with
liquid nitrogen. The system can reach a base temperature of
80 K within 20 hours; cryogenic design and temperature
readings are provided in Supporting Information Figure S3.

A critical design criterion is achieving sufficient ion flux
to the NEMS. The typical cross section for devices used for
mass sensing is of order of 10um by 0.3 ym, which
represents an extremely small capture cross section for
typical ion beam sizes of order of a few square mm. This
previously presented a major barrier to obtaining enough
physisorption events to permit adequate measurement
statistics; to wit, an early ESI based instrument achieved a
maximum rate of only 1 event per minute.” This limitation
is surmounted here with the addition of ion optics immedi-
ately prior to the NEMS, which greatly increases the analyte
flux density delivered to the NEMS. Our design for a two-
stage ion lens focusing the ions to a spot size of 50 pm is
shown in Figure 2.

Custom instrument control software is used to either
trap ions in the HCD cell prior to injecting them into the
Orbitrap analyzer or to allow the ions to continue through
the HCD cell to the NEMS. The choice of path can be
adjusted rapidly, allowing for Orbitrap m/z spectra to be
associated with NEMS measurements and validate which
molecules are being sent to the NEMS. GroEL molecules
are ionized using the nano-ESI source (see SI), and the
quadrupole mass-filter board was modified to filter mole-
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cules with m/z greater than 10,000. As shown in Supporting
Information Figure S4, a mass spectrum collected using the
Orbitrap analyzer is similar to results reported elsewhere.?")
The mass spectrum confirms the GroEL molecules retain
their intact 14-mer configuration with a calculated mass of
801.421 kDa, and the use of the quadrupole filter prevents
fragments or other contaminants from reaching the NEMS.

Our initial NEMS measurements required significant
effort to locate the ion beam, given its tight focusing
implemented in this work. Prior to collecting significant data
for MS, we systematically characterize in three dimensions
the ion beam directed toward the NEMS. A 20-device
NEMS array is used for this purpose, which greatly increases
the throughput of data collection. A schematic diagram of
the NEMS array operation is provided in Supporting
Information Figure S5, and the electronic operation and
readout Scheme is provided in Supporting Information
Figure S6. Additional details concerning the operation and
fabrication of this array are provided in Ref. [30]. In brief,
the devices have a pitch of 20 ym in X and 60 pm in Y for a
total field size of 60x240 um. Devices are 160 nm thick by
300 nm wide; the lengths vary from 7-9.2 um. Each device
possesses five electrical connections. They are intercon-
nected in parallel using two additional metal layers. This
ensures that the input signal is applied to all NEMS
simultaneously, and the overall output is the sum of all
individual outputs of the devices. Because the device
resonance frequencies are different, they are separately
frequency-addressable. The entire array is monitored by
sequentially switching between the resonance frequency of
each resonator: a phase-locked loop (PLL) locks onto a
given resonator using its last known resonance frequency,
registers its current resonance frequency after a given idling
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Figure 2. lon optics and high-resolution map of three-dimensional ion flux. (A) A series of ion lenses were designed to focus the ion beam exiting
the Q Exactive MS into a 50 pm spot. (B) 3D map of ion flux obtained by extending or retracting the positioner in the Z direction (along the ion
beam) and scanning the NEMS array in X and Y (transverse to the ion beam) such that a data point is obtained every 20 ym. The most focused
position in the second Figure has a spot size of 40 pm with a peak flux of roughly 25 molecules per second.
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time, t (here 10 ms), and then switches to the next resonator.
Frequency time traces for each individual device are
extracted after the experiment. Data displaying frequency-
tracking of myoglobin molecular adsorption events to each
device of the array is shown in Supporting Information
Figure S7.

To map the ion flux of GroEL in three dimensions, we
use the 3D XYZ positioner’s capability for 0.1 nm position-
ing precision over a 5 mm travel range. The array has a pitch
of 20um in X and 60 pym in Y. Therefore, to achieve
uniformly spaced data collection, the array is first staggered
twice in Y by 20 pm, forming a field of 60x300 um with a
data point every 20 um in X and Y. This is then repeated to
form a field of 600x600 pym perpendicular to the ion beam
axis. This is done with 3 minutes spent per position, so each
field takes 1hour to capture. Finally, it is repeated for
several Z values, from fully retracted (further from the lens,
Z=125um) to fully extended (closer to the lens, Z=
4995 um). Positioning is performed in an automated manner
using a custom Python script.

Results are shown using contour plots in Figure 2 with
raw data given in terms of the NEMS relative frequency
shift per second. This can be converted to molecules per
second using the mass responsivity for mode 1 of the NEMS
at 12 Hz/ag, or the responsivity for mode 2 (not shown) at
32 Hz/ag,®" with the approximate respective NEMS reso-
nance frequencies of 25 and 67 MHz, and a GroEL mass of
1.3 ag. The ions are focused to a minimum beam size of
40 ym, with a maximum flux rate of 25 molecules per
second. Such data, once collected, is useful for finding the
ions again after installing a new NEMS device, as well as
setting the position of the device to achieve the desired flux
rate. A similar map is obtained with myoglobin ions
demonstrating a maximum flux of 880 molecules per second
(SI, Figure S8).

Following characterization of the ion beam with a 20-
device array, the smallest device in the array (7 um length)
with the lowest (best) mass resolution is operated in
isolation at a location within the focused ion beam that
provides an event rate of ~1 molecule per second. This rate
is chosen to demonstrate the ability to collect a large amount
of data in a short period of time, while still having a low
probability of multiple molecules landing within the meas-
urement window of 200 ms. This measurement window is set
according to the PLL loop integration time (measurement
time) that minimizes the Allan deviation, which is measured
to be 2.2x107" for mode 1 and 1.8x10~" for mode 2 (with a
noise correlation of p=0.28), corresponding to an expected
mass resolution of ~118 kDa.

Jumps are automatically detected and evaluated to build
a mass spectrum using our previously reported methods.?!!
For a 1D doubly-clamped FEuler-Bernoulli beam, the
frequency shifts of the resonant modes obey:

(x), (1) M

where Of, is the change in resonant frequency of the device
upon mass adsorption, f, is the resonant frequency of the
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device without the adsorbate, n1,44.4 1S the adsorbed mass at
position x, M ... is the device mass, and ¢,(x) is the scaled
displacement mode shape of mode n; Eq. (1) is valid for
Mydged K Myevice- As shown in Eq. (1), the frequency shifts
depend not only on mass but also the (unknown) position
where the particle lands. For the doubly-clamped beams
used in this study, measurement of the first two vibrational
modes of the device is sufficient to determine not only the
unknown position, but also the mass of each particle.”! The
calculation of the mass spectrum relies on this formula as
well as a probability density based formulation through a
change of variables that transforms measured frequency
shifts and their uncertainties into mass and position and
their uncertainties.” Adsorption events are identified as
fluctuations that exceed a 5o deviation from background
noise, which for the first two modes is observed to form a
bivariate normal distribution over a given measurement
window. Further details of obtaining the mass spectrum are
provided in SI. The mass spectrum features a primary peak
at 748 kDa, close to the known mass of 801 kDa and a series
of smaller, unresolved secondary peaks at higher mass
(Figure 3). While this mass difference (~53 kDa) is close to
that of a single GroEL subunit (~57 kDA), previous native
mass spectrometry investigations of this molecule, under
similar analysis conditions, did not show such
fragmentation.”® Instead, we attribute the mass difference
observed here to our uncertainties (~5 %) in establishing the
modal masses of the NEMS devices; accurate knowledge of
them is required to deduce analyte mass precisely.

A simulation used to validate the experimentally
obtained spectrum is performed as follows. An 801 kDa
point mass is adsorbed with random position to a 1D doubly
clamped beam. The frequency shifts of the resonant modes
are calculated according to Eq. (1) for each simulated
adsorption event, then noise is sampled from the experimen-
tally obtained noise distribution for the chosen measurement
window and added to the (noise-free) modelled frequency
shifts. A mass spectrum is then obtained using 1000 such
events according to the same procedure in SI. The peak of
the simulated spectrum matches the simulation input of
801 kDa. However, the width of the simulated spectrum,
measured by the full width at half maximum (FWHM) is
278 kDa (Figure 3), significantly smaller than the exper-
imentally obtained spectrum, measured at 445 kDa.

The relatively broad observed peak compared with the
simulation is unlikely to be due to variation in sample mass.
This is because the hybrid Orbitrap-NEMS instrument
allows for selection of only intact GroEL molecules using
the quadrupole mass filter and validation of the intact
nature using the Orbitrap analyzer (SI, Figure S4). A
doublet, or two GroEL molecules arriving at a single
position and at the same time, should produce a clearly
resolvable peak at twice the main peak, given the device
resolution. This is not observed in the measured spectrum.
One possibility is a significant fraction of events consist of
multiple particles landing at different positions within the
chosen measurement interval of 200 ms. Such multiple-jump
events violate the assumptions of the probability distribution
framework detailed in the Supporting Information Materials
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Figure 3. GroEL inertial mass spectrum and simulated spectrum. a) NEMS-MS spectrum of GroEL with a primary peak at 748 kDa and unresolved
secondary peaks at higher mass. b) A simulation matching details of the experiment is shown alongside the observed mass spectrum; see text for
details. In the simulation, the adsorption events are independent, and the mass spectrum features a single, narrower peak.

and would broaden the final mass spectrum. This could
occur if the true event rate is faster than the estimated 1
molecule per second, or if the molecules do not arrive at a
fixed rate but instead in bunches. Additional work to resolve
multiple-landing events through use of an improved event-
detection scheme, or the use of additional modes to detect
the presence of multiple particles®” will be used in further
studies that employ a high event rate.

Conclusions

The hybrid instrument we describe here makes it possible to
perform several important experiments. It enables Orbitrap-
based verification of the GroEL ions sent to NEMS devices,
and direct resolution of single-molecule adsorption events
and subsequent deduction of analyte mass. Mass spectra
collected with two simultaneous modes show good agree-
ment with the expected mass. Ion optics is used to produce a
beam with a diameter of 40 ym; this yields a maximum
detection rate of 25 molecules per second for GroEL and
880 molecules per second for myoglobin. Using a 20-device
array, consisting of 10 um by 300 nm devices, currently
permits detection of 5 % of the total molecular flux reaching
the device chip. This indicates that NEMS can enable a very
low limit of detection, that is, a low number of molecules in
the initial solution needed to produce a signal. Other factors
affecting the detection limit using NEMS are solely the
electrospray ionization efficiency (typically 5-10 %, with the
theoretical limit up to 85 %)P* and the transfer efficiency of
ions to the NEMS (estimated to be 13 % for this hybrid
instrument with further details in Ref.[39]). Thus, we
estimate that the current detection limit achieved is of order
10 to 10° molecules. This enables proteomic experiments on
extremely small sample sizes, such as that from a single cell.

To achieve significant improvement to existing NEMS-
MS instruments, two orders enhancement of mass resolution

Angew. Chem. Int. Ed. 2024, 63, €202317064 (6 of 7)

are needed, along with controlled desorption of individual
molecules from the NEMS devices. We anticipate that the
former is within reach with next-generation phononic band
gap NEMS devices with ultralow energy dissipation.[**#!]
These are of sufficient size to permit analysis of large
protein complexes, while also potentially yielding single
Dalton mass resolution. Experiments are underway to
explore both soft landing of individual protein analytes on
the NEMS as well as their controlled desorption.
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