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Abstract

Recent developments in mass spectrometry-based single-cell proteomics (SCP) have resulted 

in dramatically improved sensitivity, yet the relatively low measurement throughput remains 

a limitation. Isobaric and isotopic labeling methods have been separately applied to SCP to 

increase throughput through multiplexing. Here we combined both forms of labeling to achieve 

multiplicative scaling for higher throughput. Two-plex stable isotope labeling of amino acids in 

Corresponding Author: Ryan T. Kelly – Department of Chemistry and Biochemistry, Brigham Young University, Provo, Utah 
84602, United States; ryan.kelly@byu.edu. 

Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acs.analchem.3c00906.
Schematic of nested nanowell dimensions (Figure S1); schematic of cover plate (Figure S2); data processing workflow (Figure S3); 
comparison of isobaric labeling alone vs hyperplexing (Figure S4); correlation between heavy and light labeled cells (Figure S5); and 
PCA plot of A549 and HFL1 lung cells (PDF)
Key showing the contents of each channel for hyperSCP and TMTpro-only experiments (Table S1) (XLSX)

Complete contact information is available at: https://pubs.acs.org/10.1021/acs.analchem.3c00906

The authors declare the following competing financial interest(s): RTK has a financial interest in MicrOmics Technologies, which 
provided the nanoelectrospray emitters used in this study.

HHS Public Access
Author manuscript
Anal Chem. Author manuscript; available in PMC 2024 May 23.

Published in final edited form as:
Anal Chem. 2023 May 23; 95(20): 8020–8027. doi:10.1021/acs.analchem.3c00906.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://pubs.acs.org/doi/10.1021/acs.analchem.3c00906
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c00906/suppl_file/ac3c00906_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c00906/suppl_file/ac3c00906_si_002.xlsx
https://pubs.acs.org/10.1021/acs.analchem.3c00906


cell culture (SILAC) and isobaric tandem mass tag (TMT) labeling enabled up to 28 single cells to 

be analyzed in a single liquid chromatography–mass spectrometry (LC–MS) analysis, in addition 

to carrier, reference, and negative control channels. A custom nested nanowell chip was used 

for nanoliter sample processing to minimize sample losses. Using a 145-min total LC–MS cycle 

time, ~280 single cells were analyzed per day. This measurement throughput could be increased 

to ~700 samples per day with a high-duty-cycle multicolumn LC system producing the same 

active gradient. The labeling efficiency and achievable proteome coverage were characterized for 

multiple analysis conditions.

Graphical Abstract

INTRODUCTION

Liquid chromatography–mass spectrometry (LC–MS) is increasingly utilized for unbiased 

analysis of the proteome of individual cells.1 The increased speed and sensitivity of modern 

mass spectrometers,2,3 along with improved sample preparation,4–10 separations,11–15 and 

experimental design16–19 have allowed for deeper analysis in single-cell proteomics (SCP). 

SCP can be broadly categorized as advancing along two tracks: label-free and label-based 

workflows. Label-free SCP directly analyzes protein digests from single cells, and since 

common peptides originating from different cells are indistinguishable, label-free SCP must 

analyze proteins from one cell per analysis. Label-free SCP has advanced rapidly. Unbiased 

proteome profiling of single mammalian cells originally required hours per sample and 

was limited to several hundred proteins per cell.4 With improved low-flow separations and 

novel MS data acquisition strategies, we can now quantify >3000 proteins from single 

cells in 40-min analyses, with only a modest reduction of coverage in 20-min analyses.19 

Much faster LC gradients have also been explored,20,21 but these may significantly reduce 

proteome coverage.

Due to its early stage of development, SCP is not widely employed in biomedical research 

relative to, e.g., RNAseq. One of the main challenges is the throughput. Measuring more 

cells per unit time is needed to draw statistical conclusions for certain applications of 

SCP. For example, single-cell RNAseq often requires analysis of thousands of cells to 

identify rare cell populations, which would be prohibitively expensive for current label-free 

SCP approaches. Multiplexed analyses using chemical labeling have thus been explored to 

achieve higher throughput. For label-based SCP, peptides from each cell are tagged with 

unique isotopic or isobaric labels, which enables common peptides from different cells 
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to be distinguished even when analyzed in a single LC–MS analysis. Most commonly, 

label-based SCP has employed isobaric tandem mass tags for multiplexed analyses as 

originally reported in the SCoPE-MS workflow.16 With 18-plex tandem mass tag (TMT) 

reagents now available, label-based SCP has proven high-throughput capabilities albeit with 

reduced proteome coverage relative to state-of-the-art label-free approaches. For example, 

Woo et al.5 reported the identification of ~1500 proteins using a nested nanoPOTS (N2) chip 

to simplify the pooling of different TMT-labeled cells for LC–MS analysis and improved 

protein recovery by reducing the sample preparation volume to <30 nL. The throughput of 

TMT-based SCP can be >10 times higher than that of label-free SCP given the multiplexing 

capability of TMT reagents.

The number of TMT reagents has increased only gradually over the years, and it is thus 

unlikely that the degree of multiplexing based on TMT alone will increase more than 

incrementally in the near term. However, combining two orthogonal forms of multiplexing, 

such as isotopic and isobaric labeling, enables multiplicative scaling and potentially 

much greater throughput. Such “hyperplexing” approaches have been explored for bulk-

scale proteomics22–32 but not yet for SCP. With these strategies, isotopic labels create 

a mass difference between common peptides originating from different samples when 

measured at the MS1 stage, and isobaric tags within each isotopic set enable differentiation 

and quantification of proteins by their reporter ions in MS2 or MS3 spectra following 

fragmentation. The combination has thus far enabled two or three times the number of 

biological samples to be combined and analyzed in a single LC–MS analysis compared to 

the standard isobaric labeling. For example, Dephoure and Gygi22 reported hyperplexing 

that combined 3-plex stable isotope labeling of amino acids in cell culture (SILAC) and 

the 6-plex TMT labeling to enable 18-plex large-scale quantitative proteome studies at 

a time when there were far fewer TMT channels available. The isotopic and isobaric 

labeling strategy was then used to study protein turnover kinetics27,32 and in translational 

applications,24,30 taking advantage of the SILAC labeling principle and fewer missing values 

within a TMT-labeled set. Everley et al.23 demonstrated 54-plex targeted proteome analysis 

in a single LC–MS run by measuring the inhibition of protein kinase activity in MCF7 cells 

using 6-plex TMT, two synthesized TMT-like tags, and three mass variants of the targeted 

peptide. Evans and Robinson25 developed combined precursor isotopic labeling and isobaric 

tagging (cPILOT) and applied it to global quantification of peptides. In this workflow, 

low-pH stable isotope dimethylation (heavy and light) was performed first on the peptide 

N-terminus before high-pH TMT labeling on the lysine residues. MS3 was used to select 

the y1 ions to produce signal from the TMT reporter ion. This method was used to analyze 

the mouse liver proteome26 and peripheral proteome of Alzheimer’s disease in a mouse 

model.31 The cPILOT concept was then extended to a 24-plex using the dimethylation 

and DiLeu (N,N-dimethyl leucine) isobaric tags.28 This approach doubles the throughput, 

yet all quantitative information is lost from arginine-terminated tryptic peptides. With a 

similar strategy considering mass differences before and after fragmentation, TMT-11 and 

TMTpro33 reagents with different nominal masses have been combined to achieve 27-plex34 

and 29-plex35 analyses.

In the present proof-of-concept work, we evaluated hyperplexing for SCP (hyperSCP) by 

combining 2-plex SILAC isotopic labeling with 18-plex TMTpro isobaric labeling. As 
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many as 28 single cells were analyzed in a single LC–MS analysis, along with included 

carrier, negative control, and reference channels. Using a 145-min LC separation with a 

60-min active elution profile, we analyzed ~280 cells per day, which could be increased 

to ~700 cells per day with a high-duty-cycle multicolumn nanoLC system21,36 having the 

same elution profile. We also explored different conditions to study the tradeoff between 

proteome coverage and the throughput by utilizing a carrier proteome and applying different 

separation gradients. To evaluate the quantitative performance of the hyperSCP workflow, 

590 single cells from four different cell types were analyzed, which provided ready 

differentiation and an average coverage of ~800 proteins/cell.

EXPERIMENTAL SECTION

Materials.

Formic acid (FA), triethylammonium bicarbonate buffer (TEAB, 1 M, pH = 8.5), 

SILAC protein quantitation kit (trypsin), Pierce BCA protein assay kit, Pierce 

quantitative peptide assays and standards, Pierce peptide desalting spin columns, tris(2-

carboxyethyl)phosphine (TCEP), chloroacetamide (CAM), TMTpro reagents, and 50% 

hydroxylamine were purchased from Thermo Fisher Scientific (Waltham, MA). N-Dodecyl-

β-D-maltoside (DDM), sodium dodecyl sulfate, dimethyl sulfoxide (DMSO), buffered 

oxide etchant, (heptadecafluoro-1,1,2,2-tetrahydrodecyl)dimethylchlorosilane (PFDS), 

2,2,4-trimethylpentane, and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

were purchased from Sigma-Aldrich (St. Louis, MO). S-trap mini columns were purchased 

from ProtiFi (Farmingdale, NY). LC–MS grade water and acetonitrile used for LC mobile 

phase A (0.1% v/v FA in water) and B (0.1% FA in acetonitrile) were purchased from 

Honeywell (Charlotte, NC). All aqueous solutions were prepared using Optima LC/MS 

grade water from Thermo Fisher Scientific. Other unmentioned reagents were obtained from 

Sigma-Aldrich.

HyperSCP Chip Fabrication.

The design of the hyperSCP chip (Figures 1a and S1) was adapted from the nested 

nanoPOTS (N2) chip5 and fabricated using standard photolithography and wet chemical 

etching as described previously37 with minor modifications. Briefly, the pattern was 

designed using AutoCAD (Autodesk, San Rafael, CA), and a glass photomask was produced 

at the Integrated Microfabrication Laboratory at Brigham Young University. A microscope 

slide that was precoated with chromium and photoresist (75 × 25 mm, Telic, Valencia, 

CA) was taped to the photomask and flood exposed to UV light for 10 s using a Karl 

Suss photomask aligner (MA 150 CC, SUSS MicroTec, Garching, Germany). Wet etching 

with buffered oxide etchant was then performed to etch to a depth of ~5 μm around the 

designed pattern after developing and removing the chromium. The exposed glass surface 

was then hydrophobized with 2% PFDS (v/v) in 2,2,4-trimethylpentane. The photoresist and 

chromium covering the desired pattern were then removed to form hydrophilic nanowells. A 

1-mm-thick PMMA frame was glued to an unpatterned microscope glass slide, which served 

as a cover (Figure S2) for long-term incubation.
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Cell Culture and Harvest.

HeLa, A549, K562, and HFL1 cells were obtained from ATCC (Manassas, VA) and 

cultured at 37 °C with 5% CO2 using cell culture medium with 10% fetal bovine serum 

and 1% penicillin/streptomycin. Non-SILAC (“light”) cells were cultured in regular RPMI 

1640 medium, while the SILAC-labeled (“heavy”) cells were cultured in the RPMI 1640 

medium in which the lysine and arginine were replaced with 13C6
15N2 L-lysine-2HCl and 

13C6
15N4 L-arginine-HCl. The cells were cultured as reported38 and split upon reaching 

~70% confluency. The medium was replaced every 2–3 days. All cells were cultured in 

light or heavy medium for at least five doubling times for better labeling efficiency (>99%). 

After labeling, the cells were harvested at 70% confluency. The adherent cells (HeLa, A549, 

and HFL1) were first rinsed three times with iced phosphate buffered saline (PBS) before 

collection.

Bulk Sample Preparation for Carrier and Reference Channels.

HeLa and A549 cell digests were prepared in bulk to serve as carrier and reference channels 

using S-trap.39 The cells were collected using a cell scraper and lysed with 500 μL of 2% 

SDS buffer in a Protein LoBind tube (Eppendorf, Hamburg, Germany). DNA in the cell 

lysate was sheared using 18G, 22G, and 25G needles sequentially before being sonicated in 

ice water for 5 min. The protein concentration was determined with a BCA protein assay. 

250 mM TCEP and CAM were added to reach a final concentration of 5 mM TCEP and 

20 mM CAM. For reduction and alkylation, the sample mixture was then incubated at 95 

°C for 10 min and sonicated for 5 min. After cooling to room temperature, the sample was 

acidified to pH ~1 by adding 27.5% H3PO4. The sample solution was loaded on the S-trap 

column with 100 mM TEAB in 90% methanol by centrifuging three times at 4000 × g for 30 

s before centrifuging at 4000 × g for 1 min to remove the solvent. 125 μL of digestion buffer 

containing 30 μg of trypsin was then added for overnight digestion at 37 °C. The peptides 

were pooled by centrifuging at 4000 × g for 1 min with 50 mM TEAB, 0.2% FA, and 

50% ACN sequentially, and dried using a speed vacuum concentrator. After reconstitution 

and aliquoting, the peptide aliquots were labeled with TMTpro-126 or TMTpro-134 N, 

quenched with 5% hydroxylamine, and desalted using peptide desalting spin columns. The 

final concentration of labeled peptides was identified using a Pierce quantitative peptide 

assay.

Single-Cell Sample Preparation on the HyperSCP Chip.

HeLa, A549, and HFL1 cells were collected after trypsinization, while K562 cells were 

collected directly. Cells were washed three times with cold (4 °C) PBS after pelletizing 

the cells by centrifugation at 150 × g for 5 min. The cell suspensions were filtered with a 

40-μm cell strainer and kept on ice until use. Fourteen SILAC light cells, 14 SILAC heavy 

cells, and two PBS-containing droplets of equivalent (~300 pL) volume were sorted into 

nanowells within each nested well (Figure 1b,c). Both cell sorting and reagent dispensing 

were performed using the cellenONE platform (Cellenion, Lyon, France). The temperature 

of the cellenONE platform was set in the software to 1 °C below the dew point. 4 nL of 

5 mM TCEP and 0.05% DDM in 100 mM HEPES (pH = 8.5) was added into each well 

followed by 2 nL of 45 mM CAM. A cover glass with spacer (Figure S2) was then clamped 
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to the hyperSCP chip. The clamped chip was placed in a wet box and incubated at 70 °C 

for 30 min and then at 95 °C for 15 min. After being cooled to room temperature, the chip 

was placed back into the cellenONE platform and 5 nL of enzyme solution containing 0.25 

ng of lys-c and 0.5 ng of trypsin was added into each well before incubating overnight 

at 37 °C for digestion. The stage temperature was adjusted to 20 °C before labeling with 

TMTpro reagents to prevent DMSO from freezing. To reduce evaporation, the relative 

humidity was set to 50% and 1 nL of DMSO was added to each well. Then 10 nL of 10 

μg/μL TMTpro reagents were dispensed into the corresponding nanowells (Figure 1c) before 

the chip was capped with the cover glass slide and incubated at room temperature for 1 

h. Unreacted TMTpro reagents were quenched with 2 nL of 5% hydroxylamine solution 

followed by 15 min incubation. Finally, the sample was acidified with 5 nL of 5% FA. For 

carrier channels, 10 ng of 126-labeled “light” HeLa and A549 digest (1:1) and 10 ng of 

126-labeled “heavy” HeLa and A549 digest (1:1) were added to each nested well. Similarly, 

for reference channels, 0.5 ng of 134 N-labeled “light” HeLa and A549 digest (1:1) and 0.5 

ng of 134 N-labeled “heavy” HeLa and A549 digest (1:1) were dispensed in each nested 

well. The chip was then air-dried and stored at −80 °C prior to LC–MS analysis.

NanoLC–MS/MS Analysis.

The nanoLC–MS settings were described in previous work12 with some modifications. 

A home-packed 100-μm-i.d. solid-phase extraction (SPE) column (Dr. Maisch C18, 1.9 

μm particles) was used for desalting. A 30-cm-long, 30-μm-i.d. column packed with the 

same particles was used for nanoLC separation at a flowrate of ~30 nL/min. For 60-min 

gradient separations, the nanoLC pump (Dionex UltiMate NCP-3200RS, Thermo Fisher) 

was programmed to deliver a 60-min linear gradient from 8 to 25% mobile phase B, 

followed by a 20-min linear gradient from 25 to 45% B, column wash, and re-equilibration. 

The 90-min gradient increased mobile phase B from 8 to 25% over that time, and the 

25–45% gradient was 30 min.

An Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific) was operated in 

data-dependent acquisition mode to analyze the peptides. The electrospray potential was 

2000 V, and the ion transfer tube was set to 200 °C. Precursor ions of m/z 450–1600 were 

scanned with a resolution of 120,000 with a normalized automatic gain control (AGC) target 

of 300%. Peptide precursors of charge state 2–5 having intensities greater than 5E3 were 

selected for MS/MS analysis with a fit threshold of 50% and an isolation window of 0.7 

m/z within a 1.5-s cycle time. The precursors were fragmented with 35% normalized HCD 

collision energy and then analyzed in the orbitrap with a resolution of 60,000, an AGC target 

of 200%, and a maximum injection time (IT) of 118 ms.

Database Searching and Data Analysis.

Proteome Discoverer version 2.5 (Thermo Fisher Scientific) was used to search all raw 

files against the UniProtKB/Swiss-Prot human database (downloaded 07/05/2020, 20,305 

sequences). The precursor mass tolerance was set to 10 ppm and the fragment mass 

tolerance was 0.6 Da. Oxidation (+15.995 Da) on methionine residues and deamidation 

(+0.984 Da) on asparagine residues were selected as dynamic modifications, and TMTpro 

(304.207 Da) on any N-terminus and carbamidomethyl (+57.021 Da) on cysteines were set 
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as static modifications. Two individual database searches were applied for each raw file 

because the software did not allow for labeling of lysine with both TMTpro and SILAC 

as indicated in previous work.27 For non-SILAC-labeled (light) precursors, the TMTpro 

(304.207 Da) on lysine was set as another static modification. For SILAC-labeled (heavy) 

precursors, a new modification (H25C2
13C13N−1

15N4O3, +312.221 Da) on lysine was 

created, which accounted for both the SILAC and TMTpro labeling. This new modification 

and label 13C6
15N4 (+10.008 Da) on arginine were set as static modifications. The intensity 

of reporter ions was obtained from the PSM output and processed using R-script (Figure S3) 

referencing code from a previous study.9 Briefly, all reporter-ion intensities were filtered for 

high confidence and non-contaminants before being normalized using the reference channel. 

The CV was calculated at the peptide level, and any single-cell data with CV > 0.3 was 

removed. 60% valid value was filtered at the protein level, and KNN (k = 5) imputation 

was performed within each cell type. For PCA and correlation studies, the common proteins 

quantified from all the cell lines were selected and ComBat40 was used to remove batch 

effects.

Data are available via ProteomeXchange with identifier PXD040455. The R-script and 

data description (README) file are accessible to the community41 at https://github.com/

RTKlab-BYU/HyperSCP.

RESULTS AND DISCUSSION

We reasoned that higher order multiplexing combining both isotopic and isobaric labeling 

may be a viable approach to achieve higher throughput single-cell proteome profiling. 

To test this concept and identify any tradeoffs that might exist, we developed hyperSCP 

and evaluated its performance in terms of both proteome coverage and measurement 

throughput using a glass nested nanowell chip. The combination of orthogonal multiplexing 

approaches based on isotopic (SILAC) labeling to differentiate peptides based on their 

precursor masses and isobaric (TMT) labeling for differentiation based on reporter-ion 

masses upon fragmentation enables multiplicative scaling. While 2-plex SILAC and 18-plex 

TMTpro were employed in this proof-of-concept study, other combinations of isotopic and 

isobaric labeling might be similarly employed, including 3-plex SILAC, 18O labeling42,43 

or dimethylation as isotopic labels, and iTRAQ, DiLeu,44 TMT, and TMTpro reagents as 

isobaric labels. Dimethylation is not preferred in the present one-pot workflow because the 

labeling reagents cannot be cleaned up prior to TMT labeling and because both reagents 

label primary amines. In the current form using a low-duty-cycle nanoLC system (one 

sample every 145 min with a 60-min active elution profile), the hyperSCP method achieves 

a measurement throughput of ~280 samples/day. By implementing a multicolumn nanoLC 

platform to eliminate the long wait times between active elutions,21,36 the same method 

would analyze nearly 700 cells per day.

Design of HyperSCP and Chips.

The hyperSCP chip design, which was an adaptation of the N2 chips,5 is shown in Figure 1a. 

Briefly, a 6 × 6 square array of nanowells with the four corner wells removed was designed 

with each nanowell having a diameter of 400 μm and a center-to-center spacing of 500 μm 
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(Figure S1). The 32 nanowells were surrounded by a “moat” ring to form a nested well, and 

each nested well can hold up to 30 single-cell samples and two negative control samples. 

On each chip, there are 27 nested wells arranged in a 3 × 9 array such that each chip 

contains 864 nanowells in total. The surface of the nanowells and the surrounding moat rings 

were untreated hydrophilic glass, while the remaining area on the chip was hydrophobically 

treated. Thus, individual nanowells contained prepared single-cell samples prior to sample 

pooling, and then the outer moat rings confined the pooled samples for injection into the 

LC–MS platform (Figure 1c). With this design, each hydrophilic nanowell can hold ~25 nL 

of liquid, and each nested well, defined by an outer moat ring, can hold a total of 3–5 μL.

Experimental Design.

Nanoliter liquid dispensing of cells and reagents was performed using the CellenONE 

system, which can gently place single cells contained in ~300 pL droplets into nanowells 

with high positional accuracy (Figure 1b). For reagent dispensing, droplets of the desired 

solution are serially dispensed to reach a set volume. In hyperSCP experiments, the cells 

were first cultured in SILAC-heavy or SILAC-light medium. After labeling, the cells were 

harvested and sorted into nanowells on the hyperSCP chip. In each nested well, the top 

16 nanowells were designed to prepare samples labeled with TMTpro, and the remaining 

16 nanowells held the TMTpro-labeled SILAC-heavy samples (Figure 1c). However, we 

note that a single nanowell could contain both a light-and a heavy-labeled cell for labeling 

with a given TMT reagent, which could increase the number of cells processed in a chip. 

The TMTpro labeling is similar to the SCoPE245 or N2,5 but two sets (light and heavy) of 

TMTpro-labeled samples are pooled in each nested well. In each isobaric labeled sample set, 

a 0.5 ng reference sample in channel 134N was included for normalization and a prepared 

blank sample served as negative control. The use of a carrier, which consisted of a 10-ng 

protein digest labeled with TMTpro-126, was also evaluated. In these cases, channel 127C 

was not used due to isotopic contamination. When a carrier was not used, neither channel 

126 nor 127C was used to match the carrier experiments (Table S1). The negative controls 

and the single cells were randomized in the rest of the TMTpro channels, prepared, and 

labeled together before pooling with carrier and reference channels (Figure 1c). The samples 

were then analyzed using nanoLC–MS. For a given peptide, two precursor peaks having 

a predictable m/z difference (SILAC light and heavy) appeared in the MS1 spectra. After 

fragmentation, the signals of reporter ions from both light and heavy plexes were used for 

relative quantification (Figure 1d).

Labeling Efficiency.

In the hyperSCP workflow, high labeling efficiency is necessary for accurate quantification. 

To determine the SILAC labeling efficiency, the cell samples were prepared in bulk,38 

analyzed by nanoLC–MS, and database-searched using PD 2.5, with the label 13C6
15N2 

(+8.014 Da, K) and label 13C6
15N4 (+10.008 Da, R) selected as dynamic modifications. The 

results indicated that 97% of lysines and 98% of arginines were labeled in the SILAC-heavy 

cells.

The labeling efficiency of TMTpro across all light cells is shown in Figure 2a. For the 

labeling of lysine residues and the N-termini, a dynamic modification of TMTpro was used 
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for database searching. To evaluate possible overlabeling on histidine, serine, and threonine 

residues, TMTpro modifications on both lysine residues and the N-terminus were set as 

static modifications, and the same modifications were set as dynamic on histidine, serine, 

and threonine residues. Overall, >99.5% of lysine residues and >95% of N-termini were 

labeled with TMTpro, and ~10% of histidine, serine, and threonine residues were also 

labeled. This degree of overlabeling is similar to the data in bulk proteomics if the suggested 

amount of TMT reagent is used.46 In this study, the ratio of TMTpro reagent to proteins is 

even larger than what is suggested for bulk studies46 to ensure high labeling efficiency as is 

common practice for TMT-based SCP,5,47 but a lower amount of TMTpro may be beneficial 

to minimize overlabeling.

Proteome Coverage.

While label-free SCP can now quantify >3000 proteins per single cell,19 most TMT-based 

SCP provides more limited coverage of ~1000 proteins even when a carrier channel is 

employed. Using DDA mode, where high-abundance precursors are sampled for subsequent 

MS2 scans, the number of MS2 scans is limited by the long ion-accumulation time in 

single-cell analysis. Even longer injection times may be needed for TMT-based multiplexing 

methods to ensure accurate quantification.49 In addition, there may be other reasons for 

reduced proteome coverage including losses and inefficiencies during additional sample 

processing steps, changes in hydrophobicity resulting from chemical labeling, reduced 

fragmentation efficiency, etc., which should be studied further. Still, the tremendous gain 

in measurement throughput enabled by multiplexing (or in this case hyperplexing) is 

highly compelling for many applications, and the coverage is sufficient to, e.g., enable 

differentiation of cell types or treatment conditions.

As with numerous past studies achieving modest coverage for TMT SCP, we also expected 

reduced coverage for hyperSCP. Indeed, without a carrier channel, proteome coverage was 

quite modest for TMTpro labeled and hyperSCP samples as shown in Figure S4a. While 

hyperSCP increases measurement throughput in terms of cells profiled/day, it does not 

increase the number of MS2 scans/time, which become divided between heavy and light 

versions of each precursor. As such, some reduction in proteome coverage was expected for 

hyperSCP. Indeed, as shown in Figures 2b and S4a, hyperSCP doubles the throughput of 

TMTpro-labeled SCP but with a tradeoff of ~15% lower proteome coverage in the absence 

of a carrier channel. The quantifiable protein groups (≥2 unique peptides) among identified 

proteins are shown in Figure S4b. Compared to using TMTpro only, the percentage of 

quantifiable proteins in light channels in hyperSCP is slightly higher, while the heavy 

channels show a slightly lower percentage. A consequence of the limited MS2 scans is 

missing values. TMT labeling can reduce missing values within a single LC–MS analysis, 

but missing values are still present across different LC–MS runs due to the stochastic 

selection of precursors. As such, quantitative information for lower-abundance precursors 

might be missing across runs, or within a run due to inconsistent selection of both heavy and 

light versions of precursors (Figure S4c). The use of algorithms trained to select all isotopes 

of a given precursor, or the recently reported prioritized SCoPE approach,48 may serve to 

increase proteome coverage while reducing missing values.
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Carrier channels containing larger samples have been used to improve the proteome 

coverage of single cells.16 However, the carrier proteome effect was reported to compress 

the signals from single cells and reduce the proportion of peptides originating from single 

cells in each MS2 scan.47,49,50 To reduce the carrier proteome effect, smaller carrier 

channel amounts or higher AGC and longer injection times are necessary. In this work, 

a carrier channel containing 10 ng sample was selected to increase proteome coverage while 

maintaining quantitative accuracy. The ratio of carrier to single-cell sample is ~50× as 

confirmed by SCPCompanion.49 With a 10-ng carrier, the proteome coverage increased to 

~850 proteins/cell on average using the same gradient (Figure 2b). We also noticed that with 

a longer separation gradient (i.e., 90-min effective gradient), the protein identification can be 

further improved to ~1000 proteins/cell on average (Figure 2b), but the 60-min gradient was 

used for other experiments in this work to maintain higher throughput.

Cell Differentiation.

To evaluate the ability of the hyperSCP workflow to differentiate cells according to cell line 

with the observed proteome coverage, HeLa, A549, K562, and HFL1 cells were prepared 

and analyzed using this workflow with a 10-ng carrier channel. The CellenONE allows 

cell dispensing with just ~300 pL of supernatant, reducing the potential for any interfering 

background signals. In this work, we dispensed single droplets of PBS solution to serve as 

the negative control. As predicted, a lower intensity of reporter ions was observed in the 

negative control channel, where the remaining signals were caused by the co-isolation and 

crosstalk between different TMT channels or SILAC labels. The distributions of the median 

protein coefficients of variation (CVs) from single-cell and control channels are shown in 

Figure 3a. Across the 590 cells and 40 control channels analyzed in total, the single cells 

show a low median CV (0.17–0.3) compared to greater variation in the control samples after 

normalization. A filter passing cell with a median CV < 0.3 was set to remove the outliers. 

The number of quantifiable protein groups was ~620 depending on the cell type. Despite 

the relatively low proteome coverage across the different cell lines, all four cell types were 

readily differentiated using a PCA plot, while SILAC heavy and light cells from the same 

cell line clustered together nicely (Figure 3b). The correlations (Figure S5) and PCA plot 

(Figure S6) indicate that hyperSCP performance is sufficient to enable high-throughput 

analyses to explore the difference between different cell types at the single-cell level.

Comparison of Lung Cells Using HyperSCP.

The cultured human lung adenocarcinoma cell line A549 and lung fibroblast cell line HFL1 

were further studied using hyperSCP. With a 10-ng carrier, 653 proteins were found in both 

A549 and HFL1 cell lines across the 164 cells (Figure 4a). The individual HFL1 cells show 

more variability (Figure S6). A volcano plot (Figure 4b) indicates that 23 proteins were 

significantly underexpressed in A549 cells relative to HFL1, while 10 proteins were more 

highly expressed (fold change >1.5). Meanwhile, five proteins were only quantified in HFL1 

cells. These proteins were annotated using the online tool DAVID (https://david.ncifcrf.gov/

home.jsp). When annotated using the Gene Ontology molecular function (GOMF), about 

93% of the proteins expressed more in HFL1 are related to protein binding and most of them 

are related to molecular binding, such as calcium ion, identical protein, cadherin, and RNA 

bindings. The proteins upregulated in A549 cancer cells were generally related to enzyme 
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activities like retinal dehydrogenase, D-threo-aldose 1-dehydrogenase, and alditol:-NADP+ 

1-oxidoreductase.

If no carrier proteins were applied in the hyperSCP workflow, the proteome coverage was 

reduced but some specific proteins from the single-cell channels which are not included in 

the carrier proteome may be observed (Figure 4a), and their quantification may be more 

accurate with less interference from the carrier proteome. For example, the quantitative 

analysis shows some extra proteins related to protein and RNA binding in A549 cells (Figure 

4c). Also, collagen was found expressed more in HFL1 cells as the main function of the 

fibroblast cells, while aldehyde dehydrogenase and keratin were found more in A549 cells as 

reported previously.51

CONCLUSIONS

A hyperSCP workflow is described and evaluated in this work, combining isotopic and 

isobaric labeling for higher throughput SCP. Using the 2-plex SILAC labeling and 18-plex 

TMTpro isobaric labeling, the hyperSCP workflow enables measurement throughput of 

~280 cells/day when a long 145-min total LC cycle time is employed. The tradeoff between 

proteome coverage and throughput was evaluated. Compared to the TMTpro labeled SCP, 

the hyperSCP method doubles the throughput with a tradeoff of ~15% reduced proteome 

coverage in the absence of a carrier channel. Using a 10-ng carrier proteome, the proteome 

coverage was approximately doubled and was further increased if a longer separation 

gradient was employed. We explored the performance of the developed workflow for a 

4-cell line study. Even with a reduced number of protein identifications, the hyperSCP is 

sufficiently sensitive to distinguish different cell lines and can be used for rapid concept 

testing. A comparison of lung cells A549 and HFL1 also shows the ability of hyperSCP to 

analyze cell functions. Overall, this method combines MS1 and MS2 quantitative labeling 

methods to improve the LC–MS throughput. Thus, it is flexible and should be adaptable to 

different metabolic or chemical isotopic labeling and isobaric labeling strategies. In addition, 

if metabolic labeling such as SILAC is used, this workflow can also be used for fast protein 

turnover rate studies or other biological applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
HyperSCP chip and workflow. (a) Design and structure of the hyperSCP chip. Thirty-two 

hydrophilic nanowells (white) are nested within a hydrophilic ring (white) that is surrounded 

by a hydrophobic surface (green). Twenty-seven hyperSCP sample sets can be prepared in 

parallel on a chip. The dimensions are shown in Figure S1. (b) Photomicrographs of a nested 

nanowell before and after cell sorting. Some nanowells were intentionally left empty during 

sorting to hold reference samples or serve as negative controls. (c) Workflow of hyperSCP 

sample preparation. First, the cells were cultured separately in regular media (light) or media 

containing 13C6 15N2 L-Lysine-2HCl and 13C6 15N4 L-Arginine-HCl (heavy). The cells and 

a PBS negative control sample were then sorted into each well. After cell lysis, reduction, 

alkylation and digestion, each single cell sample was labeled with a different TMT reagent. 

The carrier and reference channels were added after HA quenching, and all the peptides 

were pooled with 2% mobile phase B/98% mobile phase A. (d) Schematic of hyperSCP. 

Heavy and light precursors are identified in MS1, selected for fragmentation and analyzed by 

tandem MS. Reporter ions are produced for relative quantification.
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Figure 2. 
Labeling efficiency and proteome coverage for hyperSCP. (a) Overall labeling efficiency 

of TMTpro across four different cell lines. (b) Number of protein groups identified in 

single-cell channels under different gradient lengths and with and without a 10-ng carrier 

channel.
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Figure 3. 
Comparison of single HeLa, A549, K562, and HFL1 cells using hyperSCP with 10 ng 

carrier proteome and 60-min gradient. (a) Median protein CVs from single-cell channels and 

negative control channels. The cutoff was set to 0.3 to remove outliers. (b) PCA plot of four 

cell lines. The shared proteins that have 60% valid values and were quantifiable from all cell 

lines were used for analysis.
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Figure 4. 
Differential protein abundances between HFL1 and A549 lung cells. (a) Venn diagram 

shows the quantifiable proteins found from both HFL1 and A549 cells while using a 10-ng 

carrier channel or no carrier channel. (b,c) Volcano plot indicates the proteins with fold 

change >1.5 and Benjamini–Hochberg adjusted p-value <0.05 with a 10-ng carrier channel 

(b) and without carrier (c).
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