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Abstract

Single cell proteomics by mass spectrometry (SCP) is an emerging field of study that has captured the
interest and imagination of biologists in a wide array of disciplines. In the pursuit of this new field a
dizzying array of technologies and techniques have demonstrated the ability to quantify hundreds to a
few thousand proteins in single mammalian cells of typical size. One striking characteristic of these
methods is the wide range of relative costs associated with the analysis of each single cell. We have
attempted to estimate the cost per cell across 17 different studies based on quotes we have obtained for
hardware, reagents and instrument support plans in relation to number of cells that can be analyzed per
day. Before including labor or facilities, we find that the cost to analyze a single mammalian cell of typical
size can range from less than <$2 per cell to over S50 per cell. The increase in cost appears directly related
to the decrease in relative throughput as measured in theoretical maximum number of cells analyzed per
day. Perhaps the most surprising observation is that the average number of single cells analyzed across
these studies appears to decrease each year. This is striking when compared to the emergence of single
cell RNA sequencing where throughput increased, and cost/cell decreased exponentially over the first 7
years of the field’s emergence. While we have made many assumptions to obtain these estimates, we
hope that these will be informative for scientists interested in obtaining SCP data and for mass
spectrometrists who are considering entering this new field. We have provided a spreadsheet with a
simple calculator in the supplemental data to allow others to adjust our calculations based on other
variables and new methods which will inevitably be described in the future.
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Introduction

Single cell proteomics by mass spectrometry (SCP) is an exciting new field of research which promises to
unlock new insights in all corners of biology.r™ While other single cell technologies, such as single cell
sequencing (scSeq) are largely mature with data available on billions of cells, these data have well
characterized limits.%” The most important one to most people is that transcript counts and protein
concentrations do not have any meaningful quantitative relationship.8° Furthermore, in much of biology
the abundance of a protein has little biological meaning as many proteins don’t do anything interesting
until they are activated by post translational modifications (PTMs) such as phosphorylation or proteolytic
cleavage events.’™1* SCP has the promise to bridge this gap by providing quantitative information on both
proteins and protein PTMs in each cell across a studied population.>*® In addition, methods for SCP have
demonstrated that other molecules of interest can also be quantified in each single cell, which may give
rise to true single cell multi-omics in the near future.'®!” One reflection of this increase in relative interest
in SCP is by searching for publications on PubMed for “single cell proteomics”, as shown in Figure 1A.

Much of science today is driven by commercial interests and liquid chromatography mass spectrometry
(LCMS) is no exception.'® Instrument vendors facing this interesting new field are optimizing and
developing new technologies to make entering this field faster and easier than ever before. Some of these
include extremely low loss sample preparation methods,°22 lower flow chromatography?*?* and more
sensitive mass detectors.??® However, when reviewing the proteomes of single cells in public repositories
at the date of this writing, it is clear that the methods which have resulted in the largest numbers of
analyzed cells are not from these new technologies. While this may change in the future, the vast majority
of SCP data on ProteomeXchange partner repositories?’” has been produced by previous generation
instruments employing multiplexing (MSX) reagents. For example, the gold standard for SCP today utilized
an improved version of the SCOPE-MS technique?® developed by pioneers Budnik et al., titled SCOPE2 and
characterized mouse macrophage differentiation in nearly 1,500 single cells.”® These groundbreaking
studies utilized an LTQ Orbitrap “Elite” and Q Exactive “Classic” system, which were first launched in 2010
and 2012, respectively.3%3! Similar methods by Vegvari et al.,*? Schoof et al.,*® and in the Orsburn lab3*%
utilized instruments a generation or two behind the state-of-the art to analyze several thousand cells in
aggregate.

Perhaps prior to, but largely coinciding with the publication of the SCoOPE-MS methods, pioneering work
at Pacific Northwest National Labs by Ryan Kelly, Ying Zhou and colleagues began describing label free
methods for SCP by pushing the best hardware of the day to the absolute limits.3*® These teams
developed custom robotics solutions for processing single cells in the smallest volumes possible and
coupled those with labor intensive direct column loading and low flow chromatography. By leveraging
methods with the lowest possible sample loss between cell isolation and ionization over 1,000 proteins
could be quantified per cell, but only on a few cells per calendar day.%’

It is tempting to compare the emergence of SCP with that of single cell RNA sequencing approximately a
decade prior. As best reviewed by Valentine Svennson et al., in the clearly titled “Exponential scaling of
single-cell RNA-Seq in the past decade” the number of single cells analyzed in each published study
increased markedly over time with multiple studies of more than 10,000 cells appearing within 7 years of
the first study of a single mammalian cell in 2009.”

In stark contrast to the emergence of scSeq, SCP appears to have generally moved away from sample
multiplexing and embraced the path forged at PNNL. High accuracy sample robotics, increasingly lower
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flow chromatography and label free proteomics have been the star of more recent publications. 1%:20,22:39,40

While faster chromatography®! and clever instrument?>4%42-% and data processing methods**°
to emerge and evolve the field, at the date of this writing, no label free study has yet to achieve a higher
relative throughput than the original SCOPE-MS study published in 2018.28

continue

As summarized in Figure 1B, while we’ve had to estimate cell numbers in published SCP studies, we can
say with certainty no exponential increase in cell numbers has yet to be described for SCP. In fact, no
increase in study size at all appears to have occurred since the SCOPE2 paper was published.? This curious
discrepancy between the emergence of these two seemingly similar fields suggested that further analysis
was warranted. To better understand how cost and throughput interplay with SCP study size, we have
summarized 17 studies from different labs where single cells of typical size and protein concentration
were isolated and analyzed by LCMS techniques in the context of relative throughput and estimated cost
considerations.
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Figure 1. Chronological observations for single cell -omics. A. The number of publications each year in
Pubmed acquired with the search term “single cell proteomics”. B. A summary of the estimated number
of cells analyzed in representative studies each year following the first description of global single cell
analysis. scSeq data was plotted from a previous review’ and estimates for SCP studies are from the 17
studies of focus of this current review (Table 1).

Methods
Estimations of relative costs

As previously noted by others, a number of factors complicate the calculation of the costs — and
sometimes hidden costs — of shotgun proteomics.>® Many LCMS labs are subsidized through university or
government resources such as the NIH S10 program®, NSF large equipment grants and through
collaborative programs such as IDEA and EPIC-XS.>2 However if we assume that the total costs for
instruments, service plans and reagents are ultimately covered — and by whom doesn’t matter — we can
start to make some general assumptions.

Assumption 1: An LCMS system has a total usable lifespan of approximately 7 years

At many US universities, capital equipment depreciation is amortized assuming an instrument life cycle of
7 years.'® While there are many LCMS systems out there in the world operating at beyond 7 years, those
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of us that have them are not operating without challenges. Instrument vendors will often downgrade
instrument service licenses to “best attempt” to maintain instrument operations and downgrade to “not
eligible for support” a few years after. Again, the calculations here are based on round number
assumptions.

Assumption 2: Service costs equal are approximately 10% of service price annually

Capital equipment sales are typically competitive businesses and promotions abound, particularly at the
end of fiscal quarters or financial years. A common tactic for vendors may be to include multiple years of
discounted service. For the assumptions in this review, we will assume that each instrument list price will
contain one year of warranty service support. The following 6 years of instrument operation costs will be
assumed to be 10% of the instrument list or purchase price.*® For studies where the current cost of the
instrument, such as the Orbitrap Elite or Q Exactive Classic is quite low due to the instrument no longer
being manufactured, we have inserted a minimum service cost value. The lowest current service estimate
for a manufactured instrument was $40,800/year and this was used as a proxy for the total package
service costs. A summary of our total calculations is provided in Supplemental Data X under the “Cost
Calculations” sheet.

Assumption 3: Reagents and consumables are used at a uniform rate by all methods

The wide array of single cell LCMS analysis methods require an equally wide array of reagents employed.
While we attempt to take these into account we will assume that reagents are utilized at 100% efficiency.
For example, we have recently calculated that a single TMTPro16 reagent kit can be used to label 60,000
single human cells,”® which is considerably more than the total number of human cells analyzed by LCMS
in aggregate at the date of this writing. In addition, as all single cell studies will require the use of digestion
reagents and chromatography columns, we have chosen to assume these costs will be uniform for the
sake of this analysis.

Assumption 4: Instruments could achieve 100% usage in single cell proteomics over instrument lifespan

It is no secret that precision analytical instruments require cleaning, tuning, maintenance and frequent
testing to ensure they are operating optimally with quality control or quality assurance experiments. Add
in the fact the typical preventative maintenance on an LCMS system occurs between 1 and 2 times per
year, considerable hours per year are dedicated to not running samples. In addition, for some workflows
where the number of cells that can be analyzed by LCMS per day is larger than the total number of cells
that can be prepared, there may be many unused hours of instrument time. However, for these estimates
we have assumed that the goal of every lab will be for every instrument to be acquiring single cell data at
every hour of every calendar day.

Assumption 5: Instruments are being purchased for the rate at which we can purchase them

There is likely a large range of actual purchase prices for LCMS instruments that will have dramatic effects
on these calculations. We have obtained recent quotes for every instrument in every study that has been
subjected to a cost analysis here and we will assume that the purchase price for any researcher will be
the same as it would be for us.

Results and Discussions

Study reference Type Cells/day Instrument Cellisolation $USD/cell

https://doi.org/10.26434/chemrxiv-2024-4d95k ORCID: https://orcid.org/0000-0002-0774-3750 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-4d95k
https://orcid.org/0000-0002-0774-3750
https://creativecommons.org/licenses/by-nc/4.0/

Budnik et al., 2018% MSX 128 LTQ Orbitrap "Elite" FACs $1.18

Spechtetal., 2021%° MSX 308 Q Exactive "Classic" FACs $0.57
Schoof et al., 202132 MSX 120 Exploris 480 FAIMS FACs $2.26
Orsburn et al., 2022 MSX 224  TIMSTOF Flex FACs $2.52
Vegvari et al., 2022% MSX 175 Orbitrap Fusion 2 FACs $1.71
Brunner et al., 2022% LFQ 40 ' TIMSTOF SCP EvoSep FACs $16.14
Ctortecka & Hartlmayer MSX 308  Exploris 480 FAIMS CellenOne $4.62
etal., 2023
Petrosius et al., 2023°%° LFQ 72  Orbitrap Fusion 3 FAIMS | FACs $6.47
Orsburn, 2023% MSX 700 TIMSTOF SCP FACs $2.81
Straubhaar et al., 2023% = MSX 256 Q Exactive HF-X FACs $0.82
Sanchez-Avila et al., LFQ 24  Exploris 480 Tecan UNO $13.20
2023%
Guise et al., 2023% LFQ 9 Exploris 480 LCM $55.45
Orsburn, 2023°" LFQ 32 TIMSTOF SCP FACs $17.67
Matzinger et al., 2023% LFQ 36 | Exploris 480 FAIMS CellenOne 384 $13.86
well
Ctortecka & Clark et al., LFQ 80 TIMSTOF SCP/Ultra CellenOne 96 $15.81
2024%° well EvoSep
Montes et al., 2024% MSX 153 Q Exactive Plus FACs $1.13
Ye et al., 2024% LFQ 40  Orbitrap AstralEvoSep  CellenOne/Uno $32.45
One 96 well

Table 1. A summary of 17 recent single cell studies with a final estimate from this analysis in cost/cell if
the method described was ran 24/7 for the instrument lifecycle. Abbreviations: Multiplexed, MSX; Label
free quantification, LFQ; Fluorescence activated cell sorting, FACS; Laser capture microdissection, LCM

The earliest multiplexed single cell proteomics strategies are the most cost effective

While this will come as no surprise to anyone familiar with shotgun proteomics or genomics sequencing,
multiplexing is a clear winner for both throughput and relative cost. The SCOPE2 study not only stands
out as the first large scale SCP study, but this pioneering work remains the lowest cost SCP study
performed to date.?®% It is worth noting that in these studies the authors estimated their total costs per
cell with numbers approximately double those we have calculated here. In their analyses the authors
included reagent costs and the cost of instrument time at their respective core facilities as an hourly rate.?®
In addition, new multiplexing reagents have been developed which allow a larger number of cells to be
analyzed simultaneously.5>®2 For the sake of this analysis we have assumed that the maximum currently
available reagent (18-plex) could be employed in all studies.

It should be noted that although production of the Q Exactive systems ended in 2020, they are still alive
and well in the SCP space. Two studies early in 2024 expanded our understanding of the mammalian
epithelial mesenchymal transition,% and the variability of root cell development in Arabidopsis thaliana
>with this venerable hardware. Mass detectors with higher complexity operations such as the Orbitrap
Fusion systems have contributed meaningfully to the multiplexed SCP space as well. Both Schoof et al.,
and Vegvari et al., leveraged low cost high throughput fluorescence activated cell sorting technology and
multiplexed analysis on Fusion 2 systems.3?33 In both cases, large numbers of cells were analyzed and
revealed new intricacies in cellular systems at relatively low cost per sample. The first studies in our lab
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attempted to match these successes by mimicking SCOPE2 with the limitations of time of flight hardware.
While fewer cells can be multiplexed in each LCMS experiment, higher relative scan speeds permit shorter
chromatography gradients and the same relative proteomic coverage and throughput per cell.3*%
However, the higher relative purchase costs and associated service fees of the Orbitrap Fusion and the
TIMSTOF Flex system used in these works, respectively, leads to a near doubling of the cost per cell
analyzed when compared to the Q Exactive systems. However, it is clear that FACs based cell isolation
with either manual or semi-automated liquid handlers such as the OpenTrons OT-2 or Mantis are the most
cost-effective SCP studies on a per cell basis. One direct comparison of the cost reduction in multiplexing
an be seen in two preprints by the corresponding author in 2023. In both bases, the author used the
TIMSTOF SCP system. When multiplexing 7 single cells and using a 100 LCMS injection per day method the
estimated cost per cell was less than $3. However, when using the same system for a label free study with
a maximum throughput of 32 cells/day the cost per cell increased by 6-fold.

Precision robotics such as the CellenOne system dramatically increases the cost per cell

The relative cost per cell even when utilizing multiplexing reagents increased markedly with the
introduction of the CellenOne system into the SCP workflow.?¥22 These microscope based cell sorting and
picoliter handling robotics systems have many advantages, including both reproducibility and improved
sample recovery. The system, however, has only room for two plates on the deck which can allow only a
single 96 well or 384 well plate to be loaded with single cells and reagents at a time.®* The precision of the
system does allow sample preparation to occur in a far more condensed space, such as in the innovative
nPOP method. #2In nPOP, over 1,000 single cells can be isolated, lysed, digested, and pooled on a single
deck by printing the cells on coated glass slides. Both nPOP and similar methods utilize standard low cost
reagents for analysis. Commercial reagents specific for SCP, however, dramatically add to the relative cost
for each cell analyzed. The ProteoChip, for example, costs approximately $500 and allows the processing
of up to 12 sets of 16 cells. If including no control, blank or carrier channels, 192 cells can be prepared in
each ProteoChip and 3 can be loaded on each CellenOne. Using the typical carrier channel and 2 blank
lanes, 156 cells can be processed on each chip and 468 cells in a single day on a high resolution LCMS
system. On Time of Flight systems, these numbers drop to 84 cells/chip or 252 cells per day as a maximum
of 7 cells can be prepared after two blank channels and one carrier. While TOF systems have lower
multiplexing capabilities, the increased scan acquisition rate can allow shorter chromatographic gradients
and therefore comparable or superior throughput in cells/day than Orbitrap based methods.? In our lab,
we faced this worst case scenario on our University’s CellenOne system with $1,500 in reagents for each
252 single cells prepared, or an additional $5.92/cell on top of the instrument cost. The estimated cost of
ownership of a CellenOne system over 7 years is approximately $80,000/year or $219/day. Therefore,
integrating the ProteoChip into your workflow for the maximum of 468 single cells prepared per day will
add $1,700 per single cell prep/day before reagents and any associated operating costs, when the system
is in use 365 days each year.

Throughput in published studies are decreasing over time while the cost per cell is increasing

In stark contrast to the emergence of scSeq technologies, the throughput of single cell proteomics appears
to be decreasing over time, rather than increasing. While the reasons for this are likely multi-faceted, it
could be indicative of less interest in SCP as an application at this point than scSeq seven years into the
development of each field. It may also be that scSeq is so mature at this point that SCP only makes sense
to many researchers today as a confirmatory technology and thousands of cells simply aren’t considered
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necessary. One final possibility we’ve considered is that SCP may not be developing at the same pace as
scSeq due to the relative number of scientists in each field or to the amazing power of the polymerase
chain reaction, for which proteomics still has no parallel. What is clear, however is that the decrease in
throughput and the utilization of increasingly sensitive and expensive instrumentation is leading to a
dramatic overall increase in the costs of each cell analyzed. There are clear outliers to these trends,
particularly as new biological studies emerge that are using the SCOPE2 framework with few alterations.
For example, the 2024 preprint from Montes et al., closely follows the SCOPE2 method, as FACs sorted
plant cells were analyzed on a Q Exactive Plus system following labeling with low cost robotics.> This
enabled a group’s first entry in the world of SCP to be a study of nearly 800 single cells with the lowest
estimated cost/cell in any publication reviewed here in the last 6 years. However, the use of high precision
instrumentation such as the CellenOne coupled to today’s newest instruments for label free analysis
compound to increase the relative cost per cell by more than an order of magnitude. There are clearly
advantages to label free proteomics. However, to achieve the same proteomic coverage as a carrier
enabled multiplexed single cell requires extremely low sample loss and the highest sensitivity
chromatography and mass detectors. Multiple groups have demonstrated ways to increase the number
of injections per day through use of multi-column systems and shorter gradients enabled by deep learning
of artificial intelligence for data analysis. However, it is worth stating again, that no label free SCP study
to date has demonstrated a higher throughput in cells analyzed per day than the original SCOPE-MS study.
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Figure 2. A graphical summary of SCP studies reviewed in this work. A. A pie chart illustrating the number
of single human cells currently in the public domain with the instrument used and the original instrument
release year. B. The mean and standard deviation of the throughput in maximum number of cells analyzed
per day from the original SCOPE-MS study through 2024 demonstrating an overall downward trend in
throughput. C. The mean and standard deviations visualized for the cost per cell as calculated in this
review for each single cell analyzed.

Limitations of this current study

Considerable work today is happening today in all single cell analysis fields. As such, it is tough to keep on
top of all the new studies that are being preprinted and published across journals. We’ve sampled studies
from the groups we’re aware of that are publishing in this field with representative publications of their
work. Multiple studies were disregarded for reasons such as the cells analyzed were significantly larger
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than the typical human cell®*” or because data was not publicly available and could not be obtained from
the authors upon request (citations not shown). There is considerable evidence that industry scientists
are utilizing SCP but it is impossible to guess whether their motivation is focused on throughput or analysis
depth.?>%8 On that final note, it is likely that if we performed an additional analysis on the number of
proteins analyzed per cell per day similar to a recent analysis of single molecule detection techniques then
the newer and often more expensive methods made provide greater proteomic coverage of each cell.®*7°
However, an attempt to quantify this was quickly abandoned as the wide range of data processing
schemes and philosophies such as whether or how to use MS1 based feature matching, rapidly placed the
attempt beyond the scope of the study we intended.

Conclusions

We have detailed a strikingly wide range of methods to analyze hundreds or thousands of proteins in
single cells. Associated with these methods are a similarly striking range of relative costs. It should be
noted that even some of the earliest single cell studies considered relative costs per cell. While we are
clearly in the early stages of this new and exciting field, it is still curious to us that no study since SCOPE2
has obtained a lower cost per cell analyzed.? In fact, the opposite appears to have occurred with the
average cost/cell of the studies included here increasing every year. There are many reasons to use high
accuracy robotics for sample preparation, including both increased recovery and improved
reproducibility.?®%237 |t has only been passingly noted, however, that the use of these tools dramatically
increases the cost per study.? Similarly, there are many reasons for using label free analysis methods.
Authors have noted fewer missing values and better quantitative accuracy?*>>"* as well as the well
characterized limits of carrier channel enabled experiments.®®’2 However, if the goal is to compete or fully
complement other single cell technologies where the analysis of thousands or tens of thousands of cells
are simply required to accurately sample all cell populations present, multiplexing appears to be the only
answer.”3 At this point, it may be up to the greater scientific community to determine what shape the field
of single cell proteomics will ultimately assume.

Funding

Funding was provided by the National Institutes of Health through National Institute on Aging award
RO1AG064908 (BCO).

References

(1) Ctortecka, C.; Mechtler, K. The Rise of Single-cell Proteomics. Anal. Sci. Adv. 2021.
https://doi.org/10.1002/ansa.202000152.

(2) Orsburn, B. C. The Single Cell Proteomics Revolution. BioAnalysis Zone. 2020.
https://doi.org/https://www.bioanalysis-zone.com/single-cell-proteomics-revolution_bo/.

(3) Slavov, N. Unpicking the Proteome in Single Cells. Science. American Association for the
Advancement of Science January 31, 2020, pp 512-513.
https://doi.org/10.1126/science.aaz6695.

(4) Gatto, L.; Aebersold, R.; Cox, J.; Demicheyv, V.; Derks, J.; Emmott, E.; Franks, A. M.; Ivanov, A. R.;
Kelly, R. T.; Khoury, L.; Leduc, A.; MacCoss, M. J.; Nemes, P.; Perlman, D. H.; Petelski, A. A.; Rose,
C. M.; Schoof, E. M.; Van Eyk, J.; Vanderaa, C.; Yates, J. R.; Slavov, N. Initial Recommendations for
Performing, Benchmarking and Reporting Single-Cell Proteomics Experiments. Nat. Methods

https://doi.org/10.26434/chemrxiv-2024-4d95k ORCID: https://orcid.org/0000-0002-0774-3750 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-4d95k
https://orcid.org/0000-0002-0774-3750
https://creativecommons.org/licenses/by-nc/4.0/

2023, 20 (3), 375-386. https://doi.org/10.1038/s41592-023-01785-3.

(5) Marx, V. A Dream of Single-Cell Proteomics. Nat. Methods 2019. https://doi.org/10.1038/s41592-
019-0540-6.

(6) Lahnemann, D.; Koster, J.; Szczurek, E.; McCarthy, D. J.; Hicks, S. C.; Robinson, M. D.; Vallejos, C.
A.; Campbell, K. R.; Beerenwinkel, N.; Mahfouz, A.; Pinello, L.; Skums, P.; Stamatakis, A.; Attolini,
C. S.-0.; Aparicio, S.; Baaijens, J.; Balvert, M.; Barbanson, B. de; Cappuccio, A.; Corleone, G.;
Dutilh, B. E.; Florescu, M.; Guryev, V.; Holmer, R.; Jahn, K.; Lobo, T. J.; Keizer, E. M.; Khatri, |.;
Kielbasa, S. M.; Korbel, J. O.; Kozlov, A. M.; Kuo, T.-H.; Lelieveldt, B. P. F.; Mandoiu, I. I.; Marioni,
J. C.; Marschall, T.; Molder, F.; Niknejad, A.; Rgczkowska, A.; Reinders, M.; Ridder, J. de; Saliba, A.-
E.; Somarakis, A.; Stegle, O.; Theis, F. J.; Yang, H.; Zelikovsky, A.; McHardy, A. C.; Raphael, B. J,;
Shah, S. P.; Schonhuth, A. Eleven Grand Challenges in Single-Cell Data Science. Genome Biol.
2020, 21 (1), 31. https://doi.org/10.1186/s13059-020-1926-6.

(7) Svensson, V.; Vento-Tormo, R.; Teichmann, S. A. Exponential Scaling of Single-Cell RNA-Seq in the
Past Decade. Nat. Protoc. 2018, 13 (4), 599—-604. https://doi.org/10.1038/nprot.2017.149.

(8) Ghazalpour, A.; Bennett, B.; Petyuk, V. A.; Orozco, L.; Hagopian, R.; Mungrue, I. N.; Farber, C. R,;
Sinsheimer, J.; Kang, H. M.; Furlotte, N.; Park, C. C.; Wen, P. Z.; Brewer, H.; Weitz, K.; Camp, D. G;
Pan, C.; Yordanova, R.; Neuhaus, |.; Tilford, C.; Siemers, N.; Gargalovic, P.; Eskin, E.; Kirchgessner,
T.; Smith, D. J.; Smith, R. D.; Lusis, A. J. Comparative Analysis of Proteome and Transcriptome
Variation in Mouse. PLoS Genet. 2011. https://doi.org/10.1371/journal.pgen.1001393.

(9) Chong, C.; Miiller, M.; Pak, H. S.; Harnett, D.; Huber, F.; Grun, D.; Leleu, M.; Auger, A.; Arnaud,
M.; Stevenson, B. J.; Michaux, J.; Bilic, I.; Hirsekorn, A.; Calviello, L.; Simd-Riudalbas, L.; Planet, E.;
Lubinski, J.; Bryskiewicz, M.; Wiznerowicz, M.; Xenarios, I.; Zhang, L.; Trono, D.; Harari, A.; Ohler,
U.; Coukos, G.; Bassani-Sternberg, M. Integrated Proteogenomic Deep Sequencing and Analytics
Accurately Identify Non-Canonical Peptides in Tumor Immunopeptidomes. Nat. Commun. 2020.
https://doi.org/10.1038/s41467-020-14968-9.

(10)  Krug, K.; Jaehnig, E. J.; Satpathy, S.; Blumenberg, L.; Karpova, A.; Anurag, M.; Miles, G.; Mertins,
P.; Geffen, Y.; Tang, L. C.; Heiman, D. I.; Cao, S.; Maruvka, Y. E.; Lei, J. T.; Huang, C.; Kothadia, R.
B.; Colaprico, A.; Birger, C.; Wang, J.; Dou, Y.; Wen, B.; Shi, Z.; Liao, Y.; Wiznerowicz, M.;
Wyczalkowski, M. A.; Chen, X. S.; Kennedy, J. J.; Paulovich, A. G.; Thiagarajan, M.; Kinsinger, C. R,;
Hiltke, T.; Boja, E. S.; Mesri, M.; Robles, A. |.; Rodriguez, H.; Westbrook, T. F.; Ding, L.; Getz, G.;
Clauser, K. R.; Fenyo, D.; Ruggles, K. V; Zhang, B.; Mani, D. R.; Carr, S. A,; Ellis, M. J.; Gillette, M.
A.; Avanessian, S. C.; Cai, S.; Chan, D.; Chen, X.; Edwards, N. J.; Hoofnagle, A. N.; Kane, M. H.;
Ketchum, K. A.; Kuhn, E.; Levine, D. A; Li, S.; Liebler, D. C,; Liu, T.; Luo, J.; Madhavan, S.; Maher,
C.; McDermott, J. E.; McGarvey, P. B.; Oberti, M.; Pandey, A.; Payne, S. H.; Ransohoff, D. F;
Rivers, R. C.; Rodland, K. D.; Rudnick, P.; Sanders, M. E.; Shaw, K. M.; Shih, I.-M.; Slebos, R. J. C.;
Smith, R. D.; Snyder, M.; Stein, S. E.; Tabb, D. L.; Thangudu, R. R.; Thomas, S.; Wang, Y.; White, F.
M.; Whiteaker, J. R.; Whiteley, G. A.; Zhang, H.; Zhang, Z.; Zhao, Y.; Zhu, H.; Zimmerman, L. J.
Proteogenomic Landscape of Breast Cancer Tumorigenesis and Targeted Therapy. Cell 2020, 183
(5), 1436-1456.e31. https://doi.org/https://doi.org/10.1016/j.cell.2020.10.036.

(11) W.itze, E. S.; Old, W. M.; Resing, K. A.; Ahn, N. G. Mapping Protein Post-Translational
Modifications with Mass Spectrometry. Nature Methods. 2007.
https://doi.org/10.1038/nmeth1100.

(12) Pejaver, V.; Hsu, W. L.; Xin, F.; Dunker, A. K.; Uversky, V. N.; Radivojac, P. The Structural and

https://doi.org/10.26434/chemrxiv-2024-4d95k ORCID: https://orcid.org/0000-0002-0774-3750 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-4d95k
https://orcid.org/0000-0002-0774-3750
https://creativecommons.org/licenses/by-nc/4.0/

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

Functional Signatures of Proteins That Undergo Multiple Events of Post-Translational
Modification. Protein Sci. 2014. https://doi.org/10.1002/pro.2494.

Silva, A. M. N.; Vitorino, R.; Domingues, M. R. M.; Spickett, C. M.; Domingues, P. Post-
Translational Modifications and Mass Spectrometry Detection. Free Radical Biology and
Medicine. 2013. https://doi.org/10.1016/j.freeradbiomed.2013.08.184.

Aebersold, R.; Agar, J. N.; Amster, I. J.; Baker, M. S.; Bertozzi, C. R.; Boja, E. S.; Costello, C. E.;
Cravatt, B. F.; Fenselau, C.; Garcia, B. A.; Ge, Y.; Gunawardena, J.; Hendrickson, R. C.;
Hergenrother, P. J.; Huber, C. G.; Ivanov, A. R,; Jensen, O. N.; Jewett, M. C.; Kelleher, N. L,;
Kiessling, L. L.; Krogan, N. J.; Larsen, M. R.; Loo, J. A.; Ogorzalek Loo, R. R.; Lundberg, E.; Maccoss,
M. J.; Mallick, P.; Mootha, V. K.; Mrksich, M.; Muir, T. W.; Patrie, S. M.; Pesavento, J. J.; Pitteri, S.
J.; Rodriguez, H.; Saghatelian, A.; Sandoval, W.; Schliter, H.; Sechi, S.; Slavoff, S. A.; Smith, L. M.;
Snyder, M. P.; Thomas, P. M.; Uhlén, M.; Van Eyk, J. E.; Vidal, M.; Walt, D. R.; White, F. M.;
Williams, E. R.; Wohlschlager, T.; Wysocki, V. H.; Yates, N. A.; Young, N. L.; Zhang, B. How Many
Human Proteoforms Are There? Nature Chemical Biology. 2018.
https://doi.org/10.1038/nchembio.2576.

Orsburn, B. C.; Yuan, Y.; Bumpus, N. N. Insights into Protein Post-Translational Modification
Landscapes of Individual Human Cells by Trapped lon Mobility Time-of-Flight Mass Spectrometry.
Nat. Commun. 2022, 13 (1), 7246. https://doi.org/10.1038/s41467-022-34919-w.

Fulcher, J. M.; Markillie, L. M.; Mitchell, H. D.; Williams, S. M.; Engbrecht, K. M.; Moore, R. J.;
Cantlon-Bruce, J.; Bagnoli, J. W.; Seth, A.; Pasa-Toli¢, L.; Zhu, Y. Parallel Measurement of
Transcriptomes and Proteomes from Same Single Cells Using Nanodroplet Splitting. bioRxiv 2022,
2022.05.17.492137. https://doi.org/10.1101/2022.05.17.492137.

Orsburn, B. C. An Integrated Method for Single Cell Proteomics with Simultaneous
Measurements of Intracellular Drug Concentration Implicates New Mechanisms for Adaptation to
KRAS&It;Sup&gt;G12D&lt;/Sup&gt; Inhibitors. bioRxiv 2023, 2023.11.18.567669.
https://doi.org/10.1101/2023.11.18.567669.

Li, W. C. Y.; Hall, B. H. Depreciation of Business R&D Capital. Rev. Income Wealth 2020, 66 (1),
161-180. https://doi.org/https://doi.org/10.1111/roiw.12380.

Ctortecka, C.; Hartlmayr, D.; Seth, A.; Mendjan, S.; Tourniaire, G.; Udeshi, N. D.; Carr, S. A.;
Mechtler, K. An Automated Nanowell-Array Workflow for Quantitative Multiplexed Single-Cell
Proteomics Sample Preparation at High Sensitivity. Mol. Cell. Proteomics 2023, 22 (12).
https://doi.org/10.1016/j.mcpro.2023.100665.

Ctortecka, C.; Clark, N. M.; Boyle, B.; Seth, A.; Mani, D. R.; Udeshi, N. D.; Carr, S. A. Automated
Single-Cell Proteomics Providing Sufficient Proteome Depth to Study Complex Biology beyond
Cell Type Classifications. bioRxiv 2024, 2024.01.20.576369.
https://doi.org/10.1101/2024.01.20.576369.

Truong, T.; Webber, K. G. |.; Madisyn Johnston, S.; Boekweg, H.; Lindgren, C. M.; Liang, Y.;
Nydegger, A.; Xie, X.; Tsang, T.-M.; Jayatunge, D. A. D. N.; Andersen, J. L.; Payne, S. H.; Kelly, R. T.
Data-Dependent Acquisition with Precursor Coisolation Improves Proteome Coverage and
Measurement Throughput for Label-Free Single-Cell Proteomics**. Angew. Chemie Int. Ed. 2023,
62 (34), e202303415. https://doi.org/https://doi.org/10.1002/anie.202303415.

Leduc, A.; Huffman, R. G.; Cantlon, J.; Khan, S.; Slavov, N. Exploring Functional Protein Covariation

https://doi.org/10.26434/chemrxiv-2024-4d95k ORCID: https://orcid.org/0000-0002-0774-3750 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-4d95k
https://orcid.org/0000-0002-0774-3750
https://creativecommons.org/licenses/by-nc/4.0/

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

across Single Cells Using NPOP. Genome Biol. 2022, 23 (1), 261. https://doi.org/10.1186/s13059-
022-02817-5.

Bekker-lensen, D. B.; Martinez-Val, A.; Steigerwald, S.; Rither, P.; Fort, K. L.; Arrey, T. N.; Harder,
A.; Makarov, A.; Olsen, J. V. A Compact Quadrupole-Orbitrap Mass Spectrometer with FAIMS
Interface Improves Proteome Coverage in Short LC Gradients. Mol. Cell. Proteomics 2020.
https://doi.org/10.1074/mcp.TIR119.001906.

Sanchez-Avila, X.; Truong, T.; Xie, X.; Webber, K. G. |.; Johnston, S. M.; Lin, H.-J. L.; Axtell, N. B.;
Puig-Sanvicens, V.; Kelly, R. T. Easy and Accessible Workflow for Label-Free Single-Cell
Proteomics. J. Am. Soc. Mass Spectrom. 2023. https://doi.org/10.1021/jasms.3c00240.

Ye, Z.; Sabatier, P.; Martin-Gonzalez, J.; Eguchi, A.; Lechner, M.; @stergaard, O.; Xie, J.; Guo, Y.;
Schultz, L.; Truffer, R.; Bekker-Jensen, D. B.; Bache, N.; Olsen, J. V. One-Tip Enables
Comprehensive Proteome Coverage in Minimal Cells and Single Zygotes. Nat. Commun. 2024, 15
(1), 2474. https://doi.org/10.1038/s41467-024-46777-9.

Brunner, A.-D.; Thielert, M.; Vasilopoulou, C.; Ammar, C.; Coscia, F.; Mund, A.; Hoerning, O. B;
Bache, N.; Apalategui, A.; Lubeck, M.; Richter, S.; Fischer, D. S.; Raether, O.; Park, M. A.; Meier, F.;
Theis, F. J.; Mann, M. Ultra-High Sensitivity Mass Spectrometry Quantifies Single-Cell Proteome
Changes upon Perturbation. Mol. Syst. Biol. 2022, 18 (3), e10798.
https://doi.org/https://doi.org/10.15252/msb.202110798.

Vizcaino, J. A.; Deutsch, E. W.; Wang, R.; Csordas, A.; Reisinger, F.; Rios, D.; Dianes, J. A.; Sun, Z.;
Farrah, T.; Bandeira, N.; Binz, P. A.; Xenarios, |.; Eisenacher, M.; Mayer, G.; Gatto, L.; Campos, A.;
Chalkley, R. J.; Kraus, H. J.; Albar, J. P.; Martinez-Bartolomé, S.; Apweiler, R.; Omenn, G. S.;
Martens, L.; Jones, A. R.; Hermjakob, H. ProteomeXchange Provides Globally Coordinated
Proteomics Data Submission and Dissemination. Nature Biotechnology. 2014.
https://doi.org/10.1038/nbt.2839.

Budnik, B.; Levy, E.; Harmange, G.; Slavov, N. SCoOPE-MS: Mass Spectrometry of Single
Mammalian Cells Quantifies Proteome Heterogeneity during Cell Differentiation. Genome Biol.
2018. https://doi.org/10.1186/s13059-018-1547-5.

Specht, H.; Emmott, E.; Petelski, A. A.; Huffman, R. G.; Perlman, D. H.; Serra, M.; Kharchenko, P.;
Koller, A.; Slavov, N. Single-Cell Proteomic and Transcriptomic Analysis of Macrophage
Heterogeneity Using SCoPE2. Genome Biol. 2021, 22 (1), 50. https://doi.org/10.1186/s13059-
021-02267-5.

Eliuk, S.; Makarov, A. Evolution of Orbitrap Mass Spectrometry Instrumentation. Annu. Rev. Anal.
Chem. 2015. https://doi.org/10.1146/annurev-anchem-071114-040325.

Hecht, E. S.; Scigelova, M.; Eliuk, S.; Makarov, A. Fundamentals and Advances of Orbitrap Mass
Spectrometry. In Encyclopedia of Analytical Chemistry; 2019.
https://doi.org/10.1002/9780470027318.a9309.pub?.

Végvari, A.; Rodriguez, J. E.; Zubarev, R. A. Single-Cell Chemical Proteomics (SCCP) Interrogates
the Timing and Heterogeneity of Cancer Cell Commitment to Death. Anal. Chem. 2022, 94 (26),
9261-9269. https://doi.org/10.1021/acs.analchem.2c00413.

Schoof, E. M.; Furtwéngler, B.; Uresin, N.; Rapin, N.; Savickas, S.; Gentil, C.; Lechman, E.; Keller, U.
auf dem; Dick, J. E.; Porse, B. T. Quantitative Single-Cell Proteomics as a Tool to Characterize

https://doi.org/10.26434/chemrxiv-2024-4d95k ORCID: https://orcid.org/0000-0002-0774-3750 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-4d95k
https://orcid.org/0000-0002-0774-3750
https://creativecommons.org/licenses/by-nc/4.0/

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

Cellular Hierarchies. Nat. Commun. 2021, 12 (1), 3341. https://doi.org/10.1038/s41467-021-
23667-y.

Orsburn, B. C.; Yuan, Y.; Bumpus, N. N. Insights into Protein Post-Translational Modification
Landscapes of Individual Human Cells by Trapped lon Mobility Time-of-Flight Mass Spectrometry.
Nat. Commun. 2022, 13 (1). https://doi.org/10.1038/s41467-022-34919-w.

Orsburn, B. C. Metabolomic, Proteomic, and Single-Cell Proteomic Analysis of Cancer Cells
Treated with the KRASG12D Inhibitor MRTX1133. J. Proteome Res. 2023, 22 (12), 3703—-3713.
https://doi.org/10.1021/acs.jproteome.3c00212.

Williams, S. M.; Liyu, A. V; Tsai, C.-F.; Moore, R. J.; Orton, D. J.; Chrisler, W. B.; Gaffrey, M. J.; Liu,
T.; Smith, R. D.; Kelly, R. T.; Pasa-Tolic, L.; Zhu, Y. Automated Coupling of Nanodroplet Sample
Preparation with Liquid Chromatography—Mass Spectrometry for High-Throughput Single-Cell
Proteomics. Anal. Chem. 2020, 92 (15), 10588—-10596.
https://doi.org/10.1021/acs.analchem.0c01551.

Kelly, R.; Zhu, Y.; Liang, Y.; Cong, Y.; Piehowski, P.; Dou, M.; Zhao, R.; Qian, W.-J.; Burnum-
Johnson, K.; Ansong, C. Single Cell Proteome Mapping of Tissue Heterogeneity Using Microfluidic
Nanodroplet Sample Processing and Ultrasensitive LC-MS. J. Biomol. Tech. 2019, 30 (Suppl), S61-
S61.

Zhu, Y.; Clair, G.; Chrisler, W. B.; Shen, Y.; Zhao, R.; Shukla, A. K.; Moore, R. J.; Misra, R. S.;
Pryhuber, G. S.; Smith, R. D.; Ansong, C.; Kelly, R. T. Proteomic Analysis of Single Mammalian Cells
Enabled by Microfluidic Nanodroplet Sample Preparation and Ultrasensitive NanoLC-MS. Angew.
Chemie Int. Ed. 2018, 57 (38), 12370-12374.
https://doi.org/https://doi.org/10.1002/anie.201802843.

Matzinger, M.; Miiller, E.; Dirnberger, G.; Pichler, P.; Mechtler, K. Robust and Easy-to-Use One-
Pot Workflow for Label-Free Single-Cell Proteomics. Anal. Chem. 2023, 95 (9), 4435-4445.
https://doi.org/10.1021/acs.analchem.2c05022.

Derks, J.; Leduc, A.; Wallmann, G.; Huffman, R. G.; Willetts, M.; Khan, S.; Specht, H.; Ralser, M.;
Demicheyv, V.; Slavov, N. Increasing the Throughput of Sensitive Proteomics by PlexDIA. Nat.
Biotechnol. 2022. https://doi.org/10.1038/s41587-022-01389-w.

Kreimer, S.; Binek, A.; Chazarin, B.; Cho, J. H.; Haghani, A.; Hutton, A.; Marban, E.; Mastali, M.;
Meyer, J. G.; Mesquita, T.; Song, Y.; Van Eyk, J.; Parker, S. High-Throughput Single-Cell Proteomic
Analysis of Organ-Derived Heterogeneous Cell Populations by Nanoflow Dual-Trap Single-Column
Liquid Chromatography. Anal. Chem. 2023, 95 (24), 9145-9150.
https://doi.org/10.1021/acs.analchem.3c00213.

Huffman, R. G.; Leduc, A.; Wichmann, C.; Di Gioia, M.; Borriello, F.; Specht, H.; Derks, J.; Khan, S.;
Khoury, L.; Emmott, E.; Petelski, A. A.; Perlman, D. H.; Cox, J.; Zanoni, |.; Slavov, N. Prioritized
Mass Spectrometry Increases the Depth, Sensitivity and Data Completeness of Single-Cell
Proteomics. Nat. Methods 2023, 20 (5), 714—722. https://doi.org/10.1038/s41592-023-01830-1.

Szyrwiel, L.; Sinn, L.; Ralser, M.; Demichev, V. Slice-PASEF: Fragmenting All lons for Maximum
Sensitivity in Proteomics. bioRxiv 2022, 2022.10.31.514544.
https://doi.org/10.1101/2022.10.31.514544.

Distler, U.; £acki, M. K.; Startek, M. P.; Teschner, D.; Brehmer, S.; Decker, J.; Schild, T.; Krieger, J.;

https://doi.org/10.26434/chemrxiv-2024-4d95k ORCID: https://orcid.org/0000-0002-0774-3750 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-4d95k
https://orcid.org/0000-0002-0774-3750
https://creativecommons.org/licenses/by-nc/4.0/

Krohs, F.; Raether, O.; Hildebrandt, A.; Tenzer, S. MidiaPASEF Maximizes Information Content in
Data-Independent Acquisition Proteomics. bioRxiv 2023, 2023.01.30.526204.
https://doi.org/10.1101/2023.01.30.526204.

(45) Vanderaa, C.; Gatto, L. Replication of Single-Cell Proteomics Data Reveals Important
Computational Challenges. bioRxiv 2021, 2021.04.12.439408.
https://doi.org/10.1101/2021.04.12.439408.

(46) Warshanna, A.; Orsburn, B. C. SCP Viz — A Universal Graphical User Interface for Single Protein
Analysis in Single Cell Proteomics Datasets. bioRxiv 2023, 2023.08.29.555397.
https://doi.org/10.1101/2023.08.29.555397.

(47) Fondrie, W. E.; Noble, W. S. Machine Learning Strategy That Leverages Large Data Sets to Boost
Statistical Power in Small-Scale Experiments. J. Proteome Res. 2020.
https://doi.org/10.1021/acs.jproteome.9b00780.

(48) Boekweg, H.; Van Der Watt, D.; Truong, T.; Johnston, S. M.; Guise, A. J.; Plowey, E. D.; Kelly, R. T.;
Payne, S. H. Features of Peptide Fragmentation Spectra in Single-Cell Proteomics. J. Proteome
Res. 2022, 21 (1), 182-188. https://doi.org/10.1021/acs.jproteome.1c00670.

(49) Kalxdorf, M.; Miller, T.; Stegle, O.; Krijgsveld, J. IceR Improves Proteome Coverage and Data
Completeness in Global and Single-Cell Proteomics. Nat. Commun. 2021, 12 (1), 4787.
https://doi.org/10.1038/s41467-021-25077-6.

(50) Houfani, A. A.; Foster, L. J. Review of the Real and Sometimes Hidden Costs in Proteomics
Experimental Workflows BT - Proteomics in Systems Biology: Methods and Protocols; Geddes-
McAlister, J., Ed.; Springer US: New York, NY, 2022; pp 1-14. https://doi.org/10.1007/978-1-
0716-2124-0_1.

(51) Macaluso, F. P. A Guide to Submitting a Successful NIH S10 Shared Instrumentation Grant
Application. Microsc. Microanal. 2018, 24 (S1), 2336—2337. https://doi.org/DOI:
10.1017/51431927618012163.

(52) Mundt, F.; Albrechtsen, N. J. W.; Mann, S. P.; Treit, P.; Ghodgaonkar-Steger, M.; O?Flaherty, M.;
Raijmakers, R.; Vizcallno, J. A.; Heck, A. J. R.; Mann, M. Foresight in Clinical Proteomics: Current
Status, Ethical Considerations, and Future Perspectives [Version 2; Peer Review: 3 Approved].
Open Res. Eur. 2023, 3 (59). https://doi.org/10.12688/openreseurope.15810.2.

(53) Jenkins, C.; Orsburn, B. C. Simple Tool for Rapidly Assessing the Quality of Multiplexed Single Cell
Proteomics Data. J. Am. Soc. Mass Spectrom. 2023. https://doi.org/10.1021/jasms.3c00238.

(54) Tsybin, Y. O.; Bondarenko, P. V; Artaev, V. B.; Zubarev, R. A.; Costello, C. E. The Russian Mass
Spectrometry Interest Group at ASMS: Over 20 Years of Science and Water Polo. J. Am. Soc. Mass
Spectrom. 2019, 30 (10), 2178-2182. https://doi.org/10.1007/s13361-019-02281-9.

(55) Petrosius, V.; Aragon-Fernandez, P.; Uresin, N.; Kovacs, G.; Phlairaharn, T.; Furtwéngler, B.; Op De
Beeck, J.; Skovbakke, S. L.; Goletz, S.; Thomsen, S. F.; Keller, U. auf dem; Natarajan, K. N.; Porse,
B. T.; Schoof, E. M. Exploration of Cell State Heterogeneity Using Single-Cell Proteomics through
Sensitivity-Tailored Data-Independent Acquisition. Nat. Commun. 2023, 14 (1), 5910.
https://doi.org/10.1038/s41467-023-41602-1.

(56) Orsburn, B. C. Single Cell Proteomics by Mass Spectrometry Reveals Deep Epigenetic Insight and
New Targets of a Class Specific Histone Deacetylase Inhibitor. bioRxiv 2024, 2024.01.05.574437.

https://doi.org/10.26434/chemrxiv-2024-4d95k ORCID: https://orcid.org/0000-0002-0774-3750 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-4d95k
https://orcid.org/0000-0002-0774-3750
https://creativecommons.org/licenses/by-nc/4.0/

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

https://doi.org/10.1101/2024.01.05.574437.

Straubhaar, J.; D’Souza, A.; Niziolek, Z.; Budnik, B. Single Cell Proteomics Analysis of Drug
Response Shows Its Potential as a Drug Discovery Platform. Mol. Omi. 2024, 20 (1), 6-18.
https://doi.org/10.1039/D3MO00124E.

Guise, A. J.; Misal, S. A,; Carson, R.; Chu, J.-H.; Boekweg, H.; Van Der Watt, D.; Welsh, N. C.;
Truong, T.; Liang, Y.; Xu, S.; Benedetto, G.; Gagnon, J.; Payne, S. H.; Plowey, E. D.; Kelly, R. T. TDP-
43-Stratified Single-Cell Proteomics of Postmortem Human Spinal Motor Neurons Reveals Protein
Dynamics in Amyotrophic Lateral Sclerosis. Cell Rep. 2024, 43 (1).
https://doi.org/10.1016/j.celrep.2023.113636.

Montes, C.; Zhang, J.; Nolan, T. M.; Walley, J. W. Single-Cell Proteomics Differentiates Arabidopsis
Root Cell Types. bioRxiv 2024, 2024.04.09.588771. https://doi.org/10.1101/2024.04.09.588771.

Petelski, A. A.; Slavov, N.; Specht, H. Single-Cell Proteomics Preparation for Mass Spectrometry
Analysis Using Freeze-Heat Lysis and an Isobaric Carrier. J. Vis. Exp. 2022, No. 190.
https://doi.org/10.3791/63802.

Li, J.; Cai, Z.; Bomgarden, R. D.; Pike, I.; Kuhn, K.; Rogers, J. C.; Roberts, T. M.; Gygi, S. P.; Paulo, J.
A. TMTpro-18plex: The Expanded and Complete Set of TMTpro Reagents for Sample Multiplexing.
J. Proteome Res. 2021, 20 (5), 2964-2972. https://doi.org/10.1021/acs.jproteome.1c00168.

Thompson, A.; Wélmer, N.; Koncarevic, S.; Selzer, S.; Bohm, G.; Legner, H.; Schmid, P.; Kienle, S.;
Penning, P.; Hohle, C.; Berfelde, A.; Martinez-Pinna, R.; Farztdinov, V.; Jung, S.; Kuhn, K.; Pike, I.
TMTpro: Design, Synthesis, and Initial Evaluation of a Proline-Based Isobaric 16-Plex Tandem
Mass Tag Reagent Set. Anal. Chem. 2019. https://doi.org/10.1021/acs.analchem.9b04474.

Khan, S.; Conover, R.; Asthagiri, A. R.; Slavov, N. Dynamics of Single-Cell Protein Covariation
during Epithelial-Mesenchymal Transition. J. Proteome Res. 2024.
https://doi.org/10.1021/acs.jproteome.4c00277.

Lohr, K.; Borovinskaya, O.; Tourniaire, G.; Panne, U.; Jakubowski, N. Arraying of Single Cells for
Quantitative High Throughput Laser Ablation ICP-TOF-MS. Anal. Chem. 2019, 91 (18), 11520—
11528. https://doi.org/10.1021/acs.analchem.9b00198.

Su, P.; Hollas, M. A. R.; Butun, F. A.; Kanchustambham, V. L.; Rubakhin, S.; Ramani, N.; Greer, J.
B.; Early, B. P.; Fellers, R. T.; Caldwell, M. A.; Sweedler, J. V; Kafader, J. O.; Kelleher, N. L. Single
Cell Analysis of Proteoforms. J. Proteome Res. 2024.
https://doi.org/10.1021/acs.jproteome.4c00075.

Lombard-Banek, C.; Choi, S. B.; Nemes, P. Chapter Thirteen - Single-Cell Proteomics in Complex
Tissues Using Microprobe Capillary Electrophoresis Mass Spectrometry. In Enzyme Activity in
Single Cells; Allbritton, N. L., Kovarik, M. L. B. T.-M. in E., Eds.; Academic Press, 2019; Vol. 628, pp
263-292. https://doi.org/https://doi.org/10.1016/bs.mie.2019.07.001.

Momenzadeh, A,; Jiang, Y.; Kreimer, S.; Teigen, L. E.; Zepeda, C. S.; Haghani, A.; Mastali, M.; Song,
Y.; Hutton, A.; Parker, S. J.; Van Eyk, J. E.; Sundberg, C. W.; Meyer, J. G. A Complete Workflow for
High Throughput Human Single Skeletal Muscle Fiber Proteomics. J. Am. Soc. Mass Spectrom.
2023, 34 (9), 1858-1867. https://doi.org/10.1021/jasms.3c00072.

Cheung, T. K.; Lee, C. Y.; Bayer, F. P.; McCoy, A.; Kuster, B.; Rose, C. M. Defining the Carrier
Proteome Limit for Single-Cell Proteomics. Nat. Methods 2021. https://doi.org/10.1038/s41592-

https://doi.org/10.26434/chemrxiv-2024-4d95k ORCID: https://orcid.org/0000-0002-0774-3750 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-4d95k
https://orcid.org/0000-0002-0774-3750
https://creativecommons.org/licenses/by-nc/4.0/

(69)

(70)

(71)

(72)

(73)

020-01002-5.

Galitzine, C.; Egertson, J. D.; Abbatiello, S.; Henderson, C. M.; Pino, L. K.; MacCoss, M.; Hoofnagle,
A. N.; Vitek, O. Nonlinear Regression Improves Accuracy of Characterization of Multiplexed Mass
Spectrometric Assays. Mol. Cell. Proteomics 2018. https://doi.org/10.1074/mcp.RA117.000322.

MacCoss, M. J.; Alfaro, J. A.; Faivre, D. A.; Wu, C. C.; Wanunu, M.; Slavov, N. Sampling the
Proteome by Emerging Single-Molecule and Mass Spectrometry Methods. Nat. Methods 2023, 20
(3), 339-346. https://doi.org/10.1038/s41592-023-01802-5.

Matzinger, M.; Mayer, R. L.; Mechtler, K. Label-Free Single Cell Proteomics Utilizing Ultrafast LC
and MS Instrumentation: A Valuable Complementary Technique to Multiplexing. Proteomics
2023, 23 (13-14), 2200162. https://doi.org/https://doi.org/10.1002/pmic.202200162.

Ye, Z.; Batth, T. S.; Rither, P.; Olsen, J. V. A Deeper Look at Carrier Proteome Effects for Single-
Cell Proteomics. Commun. Biol. 2022, 5 (1), 150. https://doi.org/10.1038/s42003-022-03095-4.

Slavov, N. Scaling Up Single-Cell Proteomics. Mol. Cell. Proteomics 2022, 21 (1).
https://doi.org/10.1016/j.mcpro.2021.100179.

Summary of Supplemental Data

Supplemental Data 1: A summary of all studies reviewed in this work with relevant characteristics

Supplemental Data 2: The step by step calculations for how the cost for analyzing each cell was
determined for each study

Supplemental Data 3: Extracted data from Svennson et al., used for scSeq data presented in Figure 1B

Supplemental Data 4: A simple calculator sheet to estimate the cost/cell for other studies.

https://doi.org/10.26434/chemrxiv-2024-4d95k ORCID: https://orcid.org/0000-0002-0774-3750 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-4d95k
https://orcid.org/0000-0002-0774-3750
https://creativecommons.org/licenses/by-nc/4.0/

