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ABSTRACT: The Timepix (TPX) is a position- and time-sensitive pixelated MALDI TOF MS TPX3 Image
charge detector that can be coupled with time-of-flight mass spectrometry (TOF
MS) in combination with microchannel plates (MCPs) for the spatially and
temporally resolved detection of biomolecules. Earlier generation TPX detectors

Metastable neutrals Neutrals-before deflector

used in previous studies were limited by a moderate time resolution (at best 10 Intact protein ions e
ns) and single-stop detection for each pixel that hampered the detection of ions [ Neutrots-boineei
with high mass-to-charge (m/z) values at high pixel occupancies. In this study, we k

have coupled an MCP-phosphor screen-TPX3CAM detection assembly that TOF

contains a silicon-coated TPX3 chip to a matrix-assisted laser desorption/

ionization (MALDI)-axial TOF MS. A time resolution of 1.562S ns, per-pixel multihit functionality, simultaneous measurement of
TOF and time-over-threshold (TOT) values, and kHz readout rates of the TPX3 extended the m/z detection range of the TPX
detector family. The detection of singly charged intact Immunoglobulin M ions of m/z value approaching 1 X 10° Da has been
demonstrated. We also discuss the utilization of additional information on impact coordinates and TOT provided by the TPX3
compared to conventional MS detectors for the enhancement of the quality of the mass spectrum in terms of signal-to-noise (S/N)
ratio. We show how the reduced dead time and event-based readout in TPX3 compared to the TPX improves the sensitivity of high
m/z detection in both low and high mass measurements (m/z range: 757—970,000 Da). We further exploit the imaging capabilities
of the TPX3 detector for the spatial and temporal separation of neutral fragments generated by metastable decay at different
locations along the field-free flight region by simultaneous application of deflection and retarding fields.

Bl INTRODUCTION result in a low intensity of higher mass-to-charge (m/z) signals

The Timepix (TPX) detector family consists of position- and (longer ﬂightl time) due to the occupancy of pixels by earlier

time-sensitive pixelated charge detectors, with each pixel AITIvINg 10Ms.

capable of recording both the arrival time and impact position In this study, we have couplezgl_z;ix MCP-phosphor screen-
coordinates of impinging particles.' ™ Although TPX detectors TPX3CAM detection assembly that contains a silicon
originate from high-energy physics, the integration of TPX (8i)-coated TPX3 chip, the successor of the TPX, for the first
with microchannel plate (MCP) amplifiers has enabled the time to a MALDI-axial TOF MS (Bruker Ultraflex III). The

detection of low-energy particles4_6 that extended their scope TPX3 offers a time resolution of 1.5625 ns, allows
to biomolecular mass spectrometry (MS).””*' MCP-TPX simultaneous measurement of time-of-arrival (TOA) and
detection systems were previously coupled to time-of-flight time-over-threshold (TOT) values, and operates under data-
(TOF) mass spectrometers equipped with nano/micro- driven readout mode.” Unlike the previous MCP-bare TPX
electrospray ionization (ESI), matrix-assisted laser desorp- single/quad systems that had to be placed in vacuum, the
tion/ionization (MALDI), or secondary ion MS (SIMS) additional signal conversion steps in MCP-phosphor screen-

sources, where the arrival time information at the TPX TPX3CAM detection assembly allowed the TPX3CAM to be
detector was used for the generation of the mass spectrum.

The additional impact position information provided by the
TPX compared to conventional MS detectors has previously
been utilized to obtain insight into the ion transport properties
and ion optical processes within the MS,"*'*'*** a5 well as to
improve the spatial resolution and throughput of MS imaging
via stigmatic ion imaging.””'*"*'>'? The TPX detector used
for previous studies was limited by a moderate time resolution
(at best 10 ns) and single-stop detection for each pixel that can

installed at atmospheric pressure that brings considerable
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Figure 1. (a) Schematic of the ion optics of Ultraflex IIl MS. Conventional linear detector is replaced by the MCP-phosphor screen-TPX3CAM
assembly. Ions are accelerated in the z-direction and sent either to the linear imaging detector (blue trace) or to the standard reflectron detector
(red trace). (b) Mechanical schematic of Ultraflex MS coupled with the MCP-phosphor screen-TPX3CAM assembly. MCP-phosphor screen
assembly is mounted to the vacuum flange that is positioned at the end of the drift tube, and the TPX3CAM is kept at atmospheric pressure via

support rods behind the flange.

flexibility, elimination of several elements, and flexible mapping
between phosphor screen and sensor area.

Previous investigations conducted on the Ultraflex III MS
coupled with MCP-TPX assembly and the modified LCT
(nanoESI-orthogonal acceleration reflectron TOF) MS
coupled with HV-floating TPX quad system demonstrated
the ability of TPX to detect intact protein ions with m/z values
up to 400,000 Da'' and multiply charged non-covalent protein
complexes of molecular weight up to 800,000 Da (m/z <
13,000 Da).zo’21 Here, we extend the m/z detection range of
TPX family up to 970,000 Da by the measurement of single-
charged intact immunoglobulin M (IgM) ions using the MCP-
phosphor screen-TPX3CAM assembly, which has previously
been used with great success in velocity map imaging to
investigate small-molecule reaction dynamics.”>~>* In addition,
we demonstrate the utilization of multiple information
provided by TPX3 such as TOA, pixel coordinates, and
TOT for better visualization of the mass spectrum. We discuss
how the reduced dead time and event-based readout in TPX3
compared to the TPX enhances both the low and high mass
measurements (m/z mass range: 757—970,000 Da) and allows
the operation of the whole system 10 times faster. These
capabilities of the TPX3 detector allowed us to explore the
spatial detection and separation of precursor ions and neutral
fragments formed via metastable decay at the different
locations within the field-free TOF tube. These spatio-
temporal studies provide insights into the molecular processes,
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such as post-source decay (PSD), that occur in axial TOF
systems.

B MATERIALS AND METHODS

Materials. Insulin chain B oxidized (3.5 kDa) from bovine
pancreas, insulin (5.7 kDa) from bovine pancreas, cytochrome
¢ (12.4 kDa) from equine heart, myoglobin (17.6 kDa) from
equine heart, immunoglobulin G (IgG, ~150 kDa) from
human serum, immunoglobulin A (IgA, ~400 kDa) from
human colostrum, a-cyano-4-hydroxycinnamic acid (CHCA),
sinapinic acid (SA), and trifluoroacetic acid (TFA) were all
purchased from Sigma-Aldrich (Zwijndrecht, the Nether-
lands). The peptide calibration standard II (m/z range:
700—3200 Da), protein calibration standard I (m/z range:
5—18 kDa), and protein calibration standard II (m/z range:
10—70 kDa) were purchased from Bruker GmbH (Bremen,
Germany), and C450 IgM MALDI MS calibration kit (~970
kDa) was purchased from CovalX (Ziirich, Switzerland).
Acetonitrile and liquid chromatography mass spectrometry
(LC-MS) grade water were purchased from Biosolve
(Valkenswaard, the Netherlands).

Sample Preparation. Insulin chain B, insulin, cytochrome
¢, myoglobin, IgG, and IgA were prepared as 0.5—2 mg/mL
solution in water. One tube of peptide calibration standard II/
protein calibration standard I/protein calibration standard II
was dissolved in 125 uL 0.1% TFA solvent according to the
manufacturer’s instructions. The SA was prepared as a 20 mg/
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mL solution in 50% acetonitrile + 0.1% TFA. The CHCA
matrix was prepared as 10 mg/mL solution in 70% acetonitrile
+ 0.2% TFA. The prepared aliquots of proteins/peptides were
mixed 1:1 (v/v) with matrix solutions. Then, 1 uL aliquots of
each analyte/matrix solution were deposited onto a stainless
steel target plate and air-dried prior to the MS analysis.

TPX3CAM. The TPX3CAM (Amsterdam Scientific Instru-
ments, Amsterdam, the Netherlands) is a fast optical imager
based on a specialized Si sensor bump-bonded to the Timepix3
application-specific integrated circuit (TPX3 ASIC) readout
chip (Medipix3 collaboration, CERN, Geneva, Switzer-
land).”***® The 300 um thick silicon sensor has a thin
entrance window and anti-reflective coating, and provides an
enhanced quantum efficiency (QE) of about 90% over the
wavelength range 400—1000 nm. The TPX3 chip is produced
in 130 nm CMOS technology and consists of a 256 X 256 pixel
matrix having a pixel pitch of 55 ym and dimensions of 1.4 X
1.4 cm® Unlike its precursor TPX chip,' where the readout is
frame-based, the readout from TPX3 is data-driven, whereby
data is immediately sent out upon the activation of each pixel.
Each pixel has a customizable energy threshold level that
determines when a hit is registered. If a signal causes a crossing
of this threshold, then the hit is registered along with the pixel
coordinates, time-of-hit/arrival (TOA), and time taken for the
signal to fall below the threshold, which is referred to as the
time-over-threshold (TOT). The light detection threshold is
about 600—800 photons per pixel, depending on the
wavelength. The dead time of individual pixels to process
and store the information after they were hit is about 475 ns
plus the corresponding TOT. TOA is recorded in a 14-bit
register operating at 40 MHz giving a temporal resolution of 25
ns, and improved further to 1.5625 ns using the local 4-bit
counter operating at 640 MHz. The data from the TPX3 ASIC
is acquired by Speedy PIxel Detector Readout (SPIDR) system
(Nikhef, Amsterdam, the Netherlands), which provides both
10 and 1 Gbps ethernet interfaces, and the former can deal
with high data output of 80 Mhits per chip per second.*® The
SPIDR has an internal time-to-digital converter (TDC) which
is able to time-stamp incoming digital pulses with 260 ps
precision synchronously with the TPX3 hits. This feature is
useful to provide an external time reference.

Mass Spectrometer and Detection System. All experi-
ments were performed on an Ultraflex III MALDI TOF MS
(Bruker Daltonik GmbH, Bremen, Germany)'* equipped with
a TPX3CAM detection assembly (Figure 1). The MALDI ions
generated by the Smartbeam 355 nm Nd:YAG laser are
extracted, accelerated, and time-focused through a two-stage
acceleration region (target plate, second voltage plate, and a
ground electrode) employing delayed ion extraction before
passing through a lens system and entering the drift region
(Figure 1a). Ions can either be detected in the linear/axial
mode or in reflectron mode by the reflection of ions using a
two-stage reflectron. The reflectron voltage can also be used to
apply a retarding field to ions prior to axial mode detection.
The drift region is equipped with a deflection unit that allows
deflection of ions in a plane perpendicular to the flight
direction.

The conventional Ultraflex linear detector has been replaced
by a MCP-phosphor screen-TPX3CAM detection assembly.
The mechanical schematic of the detection system coupled
with the Ultraflex III MS is shown in Figure 1b. The dual
chevron MCP stack generates secondary electrons based on
the impinging particle properties. The P47 phosphor screen
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placed behind the MCPs produces fast flashes of light when
impinged by the MCP electrons, which are imaged and time-
stamped by the sensor in the TPX3CAM. The two imaging
MCPs (40 mm quality diameter, 8° bias angle, 12 ym channel
center-to-center spacing, 10 um pore size, 4 X 10° electron
gain at 2000 V) and phosphor screen (40 mm quality diameter,
maximum emission at 430 nm, rise time 7 ns, decay time 70
ns)’* were mounted to a stainless steel vacuum flange
(Photonis USA, Sturbridge) that is equipped with four
BSHV feedthroughs. The phosphor screen feedthrough is
rated up to 7.5 kV, and the other three are rated up to 5 kV
(two MCPs and one spare). The signals from the MCP
differential current and phosphor screen current were
capacitively decoupled and recorded simultaneously with the
TPX3 signal using a fast oscilloscope (~500 MHz and 4 GS/s,
LeCroy LT372). The TPX3CAM with 50 mm £/0.95 lens and
25 mm c-mount extension was installed outside of the vacuum
via two support rods ~55 mm from the vacuum flange. When
compared to the previously employed MCP-TPX arrangement,
where the entire detecting assembly was placed in vacuum, the
TPX3CAM, which is completely decoupled from the rest of
the setup, brings considerable flexibility. Furthermore, the
direct electron detection approach in the previous studies
required close proximity of the MCP and TPX chip (~2 mm)
and/or floating detection assembly and readout electronics at
high voltages (kV range) that resulted in severe complications
of the design as well as the addition of several other
elements.'>' " Lastly, the optical approach employed here
allows flexible mapping between the phosphor screen and
TPX3 sensor by magnification/demagnification using appro-
priate lenses. In this study, the TPX3CAM has been operated
in TOF mode, in which the arrival time of each particle (along
with TOT and pixel coordinates) is measured with respect to
an external trigger. The TPX3 and internal TDC of the SPIDR
were triggered at a rate of 10—100 Hz using the laser pulse
photodiode signal through the four channels of the digital
pulse and delay generator (DGS3S, Stanford Research
Systems, USA). The falling-edge pulse from channels A and
B that defines the TOF window was sent to TPX3 through a
trigger box, whereas the pulse signal from channels C and D
was fed directly to the TDC. The data acquisition parameters
are listed in Table SI. All parameters except the linear
detection assembly voltages, pulse generator, and oscilloscope
settings were defined via FlexControl 3.4 software (Bruker
Daltonik GmbH, Bremen, Germany). External power supplies
from AMOLF, Amsterdam, the Netherlands, and FuG
Elektronik GmbH, Schechen, Germany were used to define
the MCPs and phosphor voltages, respectively. TOF to m/z
calibration was performed using the second-order polynomial
function generated from the TOF-m/z conversion curve using
10 samples that encompasses an m/z range from 750 to
970,000 (Figure S1). All of the TOF data were acquired using
an initial acceleration voltage (target plate voltage) of 25 kV.

Data Acquisition and Analysis. The SoPhy (Software for
Physics) software package version 1.6.3 was used for the
TPX3CAM control and data acquisition (Amsterdam Scientific
Instruments, Amsterdam, the Netherlands). The raw files were
subsequently analyzed using open-source Python 3.7.6 with
Spyder IDE environment from Anaconda (Anaconda 3, 236,
Anaconda Inc, Texas, USA) and GUI built in MATLAB
(R2019b, MathWorks Inc., Natick, USA).

All TPX3 spectra were recorded with a time resolution of
1.5625 ns. The “total pixels spectrum” (Figures 2c, 3b, and
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Figure 2. MALDI mass spectra of IgG (in SA matrix) acquired simultaneously from MCP (a), phosphor screen (b), and TPX3 (c, d) detectors for
5000 laser shots. The signal intensity in each case represents different parameters. In panels (a) and (b), the mass spectrum is plotted by integrating
the voltage pulses corresponding to each ion event using an oscilloscope, with a sampling rate of 100 MHz. TPX3 data are plotted by summing up
the number of pixels activated for each ion event (c) and TOT values corresponding to each pixel hit (d) across 1.5625 ns. (e) m/z-resolved TPX3
images of LC'*, IgG**, IgG*", and IgG'* ions (cpp = counts per pixel). Data acquisition parameters are listed in Table S1 (Supporting Information).

4a,c,e) was generated by the summation of the number of
activated pixels over successive 1.5625 ns time windows in
each TOF cycle for a number of measurement cycles. The total
pixels spectrum in Figure 3b was resampled to 100 ns. The
“total TOT spectrum” (Figure 2d) was generated by the
summation of the TOT values of the pixels triggered in each
1.5625 ns window in a TOF cycle over a number of
measurement cycles. Figure Sg—i was generated by the
summation of the number of ion events over successive
1.5625 ns time windows in each TOF cycle for a number of
measurement cycles. For single ion counting, TOF cycles were
divided into 500 ns (475 (dead time) + 25 (minimum TOT))
time slices. The time dimension was then removed to create a
2D binary subframe. MATLAB function “regionprops” was
used to detect and measure the properties of connected areas
(pixel clusters) in these subframes. The TOF of the centroid
pixel in the detected pixel blob was used to add one at that
TOF position in the reconstructed spectrum to build the “ion
events spectrum.” The simulated TPX data (Figure 4) was
produced from the TPX3 data by converting each frame (TOF
cycle) to binary 256 X 256 data by considering the earliest
TOA event and ignoring the rest for each pixel.

The “m/z-resolved TPX3 images” in Figure 2e were
generated by summing up the number of pixels activated
corresponding to each TOF/m/z value over a number of
measurement cycles. The “pixel histograms” in Figure 4b,d,f
were plotted by converting the 256 X 256 pixel array total ion
image into a 1 X 65,536 row vector. To create Figure Sd—f
each of the ion clouds in the total ion image was extracted
from the MATLAB figure using a binary mask and exported to
GNU image manipulation program (GIMP), where each ion
cloud was given a distinct color, and then all of the ion clouds
were recombined.

The MCP and phosphor screen data (Figures 2a,b and 3a)
collected at 100 MHz sampling rate on the oscilloscope
(LeCroy LT372) were saved as text files using the Scope
Explorer software (LeCroy Corporation, New York, USA).
The MCP spectrum in Figure 3b was resampled to 100 ns.

B RESULTS AND DISCUSSION

Detection of High m/z lons Using TPX3CAM. We
initially acquired the MALDI-axial TOF mass spectra of IgG
(~150 kDa) to investigate the performance of the TPX3CAM
assembly for the detection of high m/z ions. IgG is a covalently
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Figure 3. MALDI MS spectra of IgM (in SA matrix) acquired
simultaneously on MCP (a) and TPX3 (b) channels for 5000 laser
shots. The TPX3 spectrum is generated by summing up the number
of pixels activated for each TOA bin. The MCP spectrum was
recorded at a 100 MHz digitization rate using an oscilloscope,
whereas TPX3 data was acquired using time bins of 1.5625 ns. Both
spectra were resampled to 100 ns and baseline subtracted. Data
acquisition parameters are listed in Table S1 (Supporting
Information).

bounded heterotetramer comprised of two heavy chains (HC,
~50 kDa) and two light chains (LC, ~25 kDa), where the HCs
are linked to each other and to a LC each by disulfide bonds.*
Figure 2 shows the MALDI spectra of IgG acquired
simultaneously from MCP (Figure 2a), phosphor screen
(Figure 2b), and TPX3 (Figure 2c,d) channels by summing
5000 laser shots. Note that the analog signals registered on the
MCP and phosphor screen are recorded at a 100 MHz
digitation rate using an oscilloscope, whereas TPX3 data is
acquired with a time resolution of 1.5625 ns. The singly
charged IgG, doubly charged IgG, triply charged IgG, and
singly charged LC ions were observed at m/z values of
~150,000, ~75,000, ~50,000, and ~25,000, respectively. The
m/z-resolved TPX3 images of LC'*, IgG**, IgG*', and IgG'*
ions collected from 5000 laser shots are shown in Figure 2e. All
m/z values are observed to have distorted elliptical spatial
distributions with diameters that increase as the m/z value
increases. This m/z-dependent focusing phenomena has
previously been investigated in detail using MCP-TPX
assembly on the same Ultraflex instrument.'""*

Both the MCP and phosphor screen spectra yield similar S/
N and are comparable to the spectrum from the earlier studies
using the conventional MCP/analog-to-digital converter
(ADC) detection system on the Ultraflex.'" In Figure 2¢, the
TPX3 data has been plotted by summing the number of pixels
activated across each 1.5625 ns TOA bin. Each ion impact on
the detection assembly leads to a cascade of secondary
electrons within the MCP that are in turn converted to
photons by the scintillator and electron—hole pairs in the Si-
coated TPX3 that result in a detectable current within an
individual pixel. The footprint of a single ion event typically
spans around an average of ~4 pixels (Figure S2). This
indicates that the detection of a single ion is effectively
oversampled by a factor of 4 pixels in Figure 2c. This is
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consistent with earlier TPX detection of high m/z ions that
yields significantly improved S/N values compared to the
traditional MCP/ADC approach when using reduced MCP
bias conditions.'’ A new feature of the TPX3 is the capability
to simultaneously record both TOA and TOT data for each
pixel. The TOT corresponds to the time each pixel is over the
threshold value required for event registration and is
proportional to the number of electron—hole pairs generated.
Figure 2d shows the TPX3 data represented in terms of the
summed TOT values recorded for each TOA bin across 5000
laser shots. Typical TOT values for these experiments were
~25—1050 (in ns) (Figure S3), which means each ion event is
oversampled by a factor of 25—1050 (in ns) in Figure 2d. The
significantly higher S/N ratio of TPX3 mass spectrum in
Figure 2¢,d compared to MCP and phosphorus screen
spectrum is mainly due to the larger oversampling factor,
which depends on various parameters such as MCP bias
voltage, phosphor screen voltage, and camera aperture f-stop
value.”%*!

Next, we evaluated the performance of TPX3CAM at higher
m/z values utilizing intact IgM (~970 kDa). IgM exists as a
pentamer, in which each of the five monomers is composed of
two LCs (~25 kDa) and two HCs (~70 kDa). Monomers are
bound together by disulfide bonds and a joining chain (~15
kDa). Within the monomer, HCs are linked to each other and
to a LC each by disulfide bonds.* Figure 3 shows the MALDI
mass spectra of IgM simultaneously acquired using both the
MCP (a) and TPX3 (b) channels for 5000 laser shots. The
TPX3 spectrum is generated by summing up the number of
pixels activated for each TOA bin (similar to the approach
used for plotting Figure 2c). The MCP spectrum was recorded
at a 100 MHz digitization rate using an oscilloscope, whereas
TPX3 data was acquired using time bins of 1.5625 ns. Both
spectra were resampled to 100 ns and baseline subtracted.
Only the IgM 2*—S5" jons with m/z values of ~485,000,
~323,333, ~242,500, and ~194,000 were detected using the
MCP signal with poor S/N ratios. In contrast, TPX3 data
yields significantly higher S/N values and even detects singly
charged IgM ions at an m/z of 970,000. The application of
high MCP bias voltage (2 kV) and low TPX3CAM aperture f-
stop value (0.95) generated large clusters with an average size
of ~18—37 pixels (Figure S4) and resulted in a high-quality
TPX3CAM spectrum when compared to the MCP spectrum.
Given the decrease in efficiency of the ion-to-electron
conversion of MCPs with an increase in the m/z (decreasing
velocity),””’~*' the ability of the TPX3 to detect intact
protein ions with m/z approaching 1,000,000 is remarkable
and corresponds to ~2.5 times increase in m/z range
comparable to previous TPX studies, and its performance is
comparable to other high mass detection systems such as
CovalX HM detectors,” cryogenic detectors based on
superconducting tunnel junctions,* ™" calorimeters/bolome-
ters, superconducting nanostripline detectors/nanomembrane
detectors,”® and nanoelectromechanical system (NEMS)
detectors.””*°

Event-Based Readout Using TPX3CAM. The benefits of
switching the readout from frame-based (TPX) to packet-
based architecture (TPX3) is discussed in this section. Data
from the earlier generation TPX chip is formatted in frames
(TOF cycles) of binary data from all of the pixels, including
pixels that did not activate during the measurement window.
This results in a readout time >300 us for each frame. In
addition, the measurement had to be paused during the data

https://doi.org/10.1021/acs.analchem.2c04480
Anal. Chem. 2023, 95, 1470—-1479


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c04480/suppl_file/ac2c04480_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c04480/suppl_file/ac2c04480_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c04480/suppl_file/ac2c04480_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04480?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04480?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04480?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c04480/suppl_file/ac2c04480_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04480?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c04480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

(a)

4000/® = » ~| —TPX3data —— Simulated TPX data _CQ
'0.95%
o
2 3,000 0
£ 2
'S 2,000 e
X 4/
£ 10.8 ;
a
'_
1,000} %5
L el
R 065
1,000 1,500 2,000 2,500 3,000 3,500
m/z
(c) . 2
6,000 | ——TPX3data  — Simulated TPX data I E
' 3
10.95 =
0
2 4,000} x
< [
5 ]
X {0.8 é
8- 2,000t - o
~ o S
A
S
0 . » -, L 0.65 ¢
170,000 370,000 570,000 770,000 970,000 1,170,000
m/z
(e)
1,0007
——TPX3 data (75 TOF cycles)
——Simulated TPX data (1,000 TOF cycles;
500
]
=
g2 o - —= A
& T T
500
1,000 . . s
7,000 27,000 47,000 67,000

m/z

(b)

[—TPx3data — Simulated TPX data |
500
400
]
£300
g
Z200 t
100
0
0 15,000 30,000 45,000 60,000
Pixel number
( ) 800+ ——TPX3 data —— Simulated TPX data
600 -
2
£
< 400+
x
Z
200+
0
0 15,000 30,000 45,000 60,000
Pixel number
(f) 30001
——TPX3 data —— Simulated TPX data
»20001
X
=
T
x
Z
1000
0
0 15,000 30,000 45,000 60,000

Pixel number

Figure 4. Mass spectra (a, c) and pixel histograms (b, d) plotted in event-based (TPX3, blue trace) and frame-based (TPX, orange trace) modes
for two different mass ranges: Bruker peptide calibration standard II (m/z range: 700—3200 Da, data 1 (top), in CHCA matrix) and IgM (m/z
range: 190—970 kDa, data 2 (middle), in SA matrix) for 1000 laser shots. Green trace in (a) and (c) plots the ratio of signal intensity in TPX and
TPX3 modes. Bruker protein calibration standard II (m/z range: 10—70 Da, data 3 (bottom), in SA matrix) mass spectrum (e) plotted in event-
based mode by the accumulation of 7S TOF cycles and in frame-based mode by the accumulation of 1000 laser shots, and pixel histograms (f)
plotted for 1000 laser shots in both modes. The spectra are generated by summing up the number of pixels activated for each 1.5625 TOA bin. The
pixel histograms are generated by summing up the frequency of pixel activation of each pixel in the 256 X 256 TPX3 pixel array (65,536 pixels) for
1000 laser shots. Data acquisition parameters are listed in Table S1 (Supporting Information).

readout of each frame in TPX. Due to these reasons, previous
TPX studies had to be performed at reduced frame rates.'"*’
Unlike the TPX chip, the on-chip zero suppression scheme
implemented in the TPX3 chip allows only pixels with event
data to be read out simultaneously during the data acquisition.
This reduces the dead time per pixel (475 ns + TOT) and the
total readout time of the pixel matrix for occupancies (% of
pixel hits) below 50%."”" This unique data-driven readout
system allows the TPX3 to operate at least 10 times faster
compared to the previous Ultraflex-TPX experimental setup,
where the data is read out by 1 Gbps in both cases."’ The 10
Gbps ethernet interface at the SPIDR readout system allows
the instrument to operate with a higher speed, which would be
beneficial in high-throughput mass spectrometry imaging
experiments.sz’53

Further, the single-stop pixels in the TPX limited the
detection of higher m/z values, especially at high count rates
(e.g, those encountered using MALDI MS) and high MCP
voltages that lead to high pixel occupancies, as pixels are
deactivated by lower m/z (earlier arriving) ions. In contrast,
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TPX3 is designed to enable multihit functionality such that
each pixel can record multiple events within a single
measurement cycle (in this case, for each laser shot). This
makes TPX3 better suited for the analysis of complex mixtures
and ensures that spectra better reflect the true abundances of
ions generated. Figure 4 shows the mass spectra (a, ¢) and
pixel histograms (b, d) plotted in event-based (TPX3, blue
trace) and single-stop frame-based (simulated TPX, orange
trace) modes for two different mass ranges: (a, b) Bruker
peptide calibration standard II (m/z range: 700—3200 Da, case
1); and (¢, d) IgM (m/z range: 190—970 kDa, case 2). The
number of pixels activated per TOA bin is the sum of 1000
laser shots. The pixel parameters corresponding to the earliest
TOA were used to simulate frame-based TPX data, and the
rest were ignored in each TOF cycle. This has the effect of
simulating the single-stop behavior of TPX. In both cases 1 and
2, the TPX3 data registers more events than the simulated
TPX data due to its multihit capabilities. The green trace in
Figure 4a,c shows the ratio of signal intensities in simulated
TPX and TPX3 modes and shows a decreasing trend with an
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Figure 5. Ion trajectory (a—c) and the resulting total ion TPX3 image (d—f) and TOF spectrum (g—i) produced from insulin chain B [M + H]'*
ions (in CHCA matrix) for three different conditions; (1) without deflection and reflectron voltages, (2) with deflection voltage (x and y deflection
voltages: —SS and —65 V), and (3) with deflection and reflectron voltages (x and y deflection voltages: —SS and —65 V, reflectron voltage: 19.5
kV). The ion trajectories and corresponding spatial distributions at the TPX3 detector of each type of ion cloud are represented using the same
color in all three scenarios. The mass spectra were generated by the summation of the number of ion events over successive 1.5625 ns time
windows in each TOF cycle for 5000 laser shots. The details on the plotting of TPX3 images and ion events spectrum are provided under the “Data
Acquisition and Analysis” section. Data acquisition parameters are listed in Table S1 (Supporting Information).
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increase in m/z and thus demonstrates that utilizing TPX3
over TPX improves detection efficiency for higher m/z species
when detected in the presence of ions with lower m/z. The
average number of ion events per TOF cycle and pixel cluster
size for case 1 are ~2942 and ~3—6 pixels (Figure SS), and for
case 2, are ~144 and ~18—37 pixels (Figure S4). In case 1, the
high count rate at low m/z causes some high m/z ions to be
missed in TPX mode, as the pixels they strike may have been
rendered inactive by the earlier arrival of lower m/z ions. Case
2 has a much lower number of ions arriving at the detector per
TOF cycle than case 1; however, the pixel cluster size is larger
due to the higher MCP bias voltage used for the detection of
heavy ions, and thus each ion event occupies more pixels. The
higher pixel occupancy by low m/z ions causes the inactivation
of pixels when struck by high m/z ions and results in a low
detection efficiency at high m/z in TPX mode. Figure 4e shows
the mass spectrum produced from the Bruker protein
calibration standard II (m/z range: 10—70 Da, case 3) plotted
in event-based mode by the accumulation of 75 laser shots
(blue trace) and in frame-based mode by the accumulation of
1000 TOF cycles (orange trace). Figure 4f shows the number
of pixels activated for the same data shown in Figure 4e for
1000 laser shots, revealing again the additional events
registered in TPX3 mode. Despite the reduced number of
laser shots, the event-based TPX3 data in Figure 4e shows a
similar signal intensity of the most intense peak (m/z
23,983) as that of the simulated single-stop TPX data, again
highlighting the benefits of the event-based TPX3 acquisition.
This enhanced performance in TPX3 mode in case 3 is
attributed to the fact that many different ions can strike the
same pixels due to the large spatial overlap of the ion clouds of
different m/z values (Figures 4f and S6).

Visualization of Metastable Fragments Produced in
the TOF Tube. The spatially resolved detection capability of
TPX3CAM can be employed for the evaluation of fragments
produced by metastable decay (post-source decay, PSD) at
different locations within the field-free flight tube. Typically, in
linear TOF mode, metastable fragments produced in the field-
free region have flight times and impact positions identical to
the precursor ion (ignoring small deviations caused by
fragment recoil).”*>° Following MALDI, PSD will generally
produce a singly charged ionic and neutral fragment pair
(assuming a singly charged precursor). Here, we have
combined the imaging capability of the linear TPX3 detector
with an electrostatic deflector and retarding fields of the
reflectron to spatially separate neutral fragments formed at
different locations along the ion flight path in the field-free
region.

The adjustable x—y deflectors positioned within the flight
tube prior to the reflectron were used to spatially separate ions
and neutral fragments formed between the source and
deflector. The application of retarding field using the reflectron
along with the deflector voltage leads to (i) temporal
separation of ions and neutral fragments (ions shifted to
longer TOF) and (ii) spatial separation of neutral fragments
formed between the source and deflector and the deflector and
reflectron. This spatial separation of the fragments arises as the
neutral fragments produced after the deflectors travel on the
same path as deflected ions until they reach the reflectron,
whereas neutrals formed before the deflector travel on a path
unperturbed by the deflection voltages. In addition, due to the
greater residence time of ions in the reflectron, neutral
fragments formed after the deflector are also spatially separated
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from intact ions. The combination of deflection and retarding
voltages thus results in three impact zones, one corresponding
to intact ions reaching the reflectron at longer TOF, and two
impact regions corresponding to neutrals at different locations
along the flight path (one group formed prior to the deflector,
a second group formed in between the deflector and
reflectron). This is exemplified in Figure S.

Figure Sa,d,g shows the ion trajectory and the resulting
TPX3 image and TOF spectrum produced from insulin chain
B [M + H]' ions (in CHCA matrix) when no deflection or
retarding fields are applied (scenario 1). Ion source voltages
were adjusted to spatially focus the ion packet to a small
circular cloud for all of the data acquisition in this section.
However, it should be noted that these conditions are different
from those needed for time focusing of the ions on the
detector, and thus broader peaks are observed.* As expected,
these conditions yield one impact zone on the detector and
one peak in the TOF spectrum corresponding to protonated
insulin chain B. When the deflection voltage is activated
(scenario 2, x and y deflection voltages: —SS and —65 V), the
deflected ions strike closer toward the bottom right of the
detector (Figure Sb,e, red), whereas neutral fragments formed
prior to the deflector remain on their original trajectory
(Figure Sb,e, blue). These conditions still result in a single
TOF peak (Figure Sh). Smaller pixel clusters (a parameter that
is related to the MCP detection efficiency) were observed for
neutrals compared to the precursor ions. This is caused by a
reduced ion-to-electron conversion efficiency when neutrals
impact the MCP.”' The average pixel cluster size for
metastable product neutrals and precursor ions are 3.5 and
5.5 pixels, respectively (Figure S7). Figure S8 (Supporting
Information) compares the TOF spectra generated for
precursor ions (red trace) and metastable neutrals (blue
trace) from the TPX3 image. The result clearly shows that the
metastable fragments arrive at a slightly later time compared to
the precursor ions. This could be attributed to the
postacceleration of ions at the end of the TOF tube because
of the negative potential at the front MCP. When both the
deflection and retarding fields are applied (scenario 3, x and y
deflection voltages: —55 and —65 V, reflectron voltage: 19.5
kV), ions are further deflected due to the greater residence
time in the reflectron (Figure Scf, red). Note that not the full
reflectron voltage is applied but a reduced voltage, enough to
deflect the ions slightly from their original flight path. An
additional packet of neutrals (Figure Sc,f, green) is observed at
the same location ions are observed to strike the detector in
Figure Sb,e (red) that are assigned to neutral fragments formed
by PSD events between the deflector and reflectron. The ions
are shifted to longer TOA due to the retarding field, while
neutrals are detected at the original ion TOA time (Figure Si).
Figure S9 (Supporting Information) shows the evolution of the
total ion TPX3 images, linear TPX3 detector TOF spectra with
an increase in the reflectron voltage (a deflection voltage is also
applied). The square patterns that are only observed in the
precursor ion clouds and not in the metastable product neutral
clouds in the TPX3 images are explained by the transmission
grids placed in the reflectron. The TOF of the ions increases
with an increase in reflectron voltage as the ions spend more
time in the reflectron, whereas the TOF of metastable neutrals
is insensitive to the reflectron voltage. While outside the scope
of this work, the unique ability of space and time-resolved
detection to detect metastable fragments formed at different
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locations along the flight path provides an interesting avenue to
study the kinetics of metastable ion decay.

B CONCLUSIONS

In this work, we have described the first implementation of a
TPX3CAM detection assembly on a MALDI TOF (Ultraflex
III) MS for the detection and ion imaging of high-mass
biomolecules. This new experimental setup significantly
extended the m/z range previously detected with the TPX
family by the measurement of the intact protein ions of m/z
approaching 1,000,000 Da. The enhanced time resolution,
simultaneous measurement of TOT and TOA and multihit
capabilities of the TPX3 chip compared to its predecessor, the
TPX chip, allowed the generation of the TOF/mass spectra
with a better S/N ratio and improved the sensitivity of the high
m/z detection in the presence of low m/z ions at high count
rates and detector voltages. The utilization of deflectors and
time-resolved imaging capabilities of TPX3 allowed us to
distinguish PSD events occurring at different locations along
the flight path and provides a unique approach to explore the
kinetics of PSD as well as the influence of both MALDI and
parameters such as laser fluence, MALDI matrix, and
extraction conditions on the metastable decay rate.”>>" =
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