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Abstract

Single-cell proteomics can provide critical biological insight into the cellular heterogeneity that is 

masked by bulk-scale analysis. We have developed a nanoPOTS (nanodroplet processing in one 

pot for trace samples) platform and demonstrated its broad applicability for single-cell proteomics. 

However, because of nanoliter-scale sample volumes, the nanoPOTS platform is not compatible 

with automated LC-MS systems, which significantly limits sample throughput and robustness. To 

address this challenge, we have developed a nanoPOTS autosampler allowing fully automated 

sample injection from nanowells to LC-MS systems. We also developed a sample drying, 

extraction, and loading (DEL) workflow to enable reproducible and reliable sample injection. The 

sequential analysis of 20 samples containing 10-ng tryptic peptides demonstrated high 

reproducibility with correlation coefficients of > 0.995 between any two samples. The nanoPOTS 

autosampler can provide analysis throughput of 9.6, 16, and 24 single cells per day using 120 min, 

60 min, and 30 min LC gradients, respectively. As a demonstration for single-cell proteomics, the 

autosampler was first applied to profiling protein expression in single MCF10A cells using a label-

free approach. At a throughput of 24 single cells per day, an average of 256 proteins was identified 

from each cell and the number was increased to 731 when the Match Between Runs algorithm of 

MaxQuant was used. Using a multiplexed isobaric labeling approach (TMT-11plex), ~77 single 

cells could be analyzed per day. We analyzed 152 cells from three acute myeloid leukemia cell 
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lines, resulting in a total of 2,558 identified proteins with 1465 proteins quantifiable (70% valid 

values) across the 152 cells. These data showed quantitative single-cell proteomics can cluster 

cells to distinct groups and reveal functionally distinct differences.

Graphical Abstract

INTRODUCTION

Biological organs and tissues contain diverse cell types and tremendous cell-to-cell 

heterogeneity that dictates a multitude of functions for e.g. homeostasis and response to the 

physiological environment. Molecular measurements at the single-cell level can reveal 

mechanisms and unique features of cell populations, differentiation, impacts of 

microenvironments, and rare cell populations in complex cellular systems that are typically 

hidden from bulk-cell measurements1,2. While single-cell RNA sequencing (scRNA-seq), 

for example, allows studies of gene expression in thousands of single cells, RNA transcript 

levels often correlate poorly with protein abundance, and are frequently unreliable indicators 

of cell functions3–5. To this end, great efforts have been dedicated to developing mass 

spectrometry (MS)-based approaches to directly measure protein expression in single 

cells6–13.

Because of the lack of a proteome amplification method and the fact that only picogram 

levels of protein are present in typical mammalian cells, single-cell proteomics constitutes a 

significant technical challenge. Two types of methods have recently been reported for the 

identification and quantification of protein expressed in single mammalian cells. In the first 

type of methods, single cells are processed using high-recovery sample preparation 

approaches, including an integrated proteome analysis device (iPAD)6, a nanoliter-scale oil-

air-droplet (OAD) chip14, and our nanodroplet processing in one pot for trace samples 

(nanoPOTS) platform15. The processed samples are then directly analyzed in a label-free 

manner using LC-MS, with proteins identified and quantified from peptides. Compared with 

the labeling-based methods, the label-free methods have been shown to exhibit improved 

quantification accuracy and higher dynamic range,16 albeit lower proteome coverage and 

sample throughput. In the second type of method, tryptic digests from single cells are 
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labeled with discrete isobaric tandem mass tags (TMT), together with a TMT-labeled 

peptide mixture (carrier peptides) prepared from hundreds of pooled cells7,8,13. During data-

dependent acquisition, the high-abundance carrier peptides provide rich fragment 

information for peptide identification, while the signal intensities of individual reporter ions 

provide quantitative information for single cells. The key attraction of the TMT-based 

method is its throughput, as over 8 cells can be measured in a single LC-MS measurement.

Our laboratory has developed the nanoPOTS-based single-cell proteomics platform by 

integrating microfabricated nanowell chips with a robotic nanoliter liquid handling 

system8,10,13,15,17–20. We believe the nanoPOTS platform has three unique advantages over 

other approaches: (1) the use of nanowells for single-cell processing can significantly reduce 

adsorptive protein/peptide loss and improve overall recovery15; (2) because of reaction 

volume miniaturization, both protein and trypsin concentrations are increased by > 500-fold, 

resulting in enhanced tryptic digestion; and (3) the nanowell chips have open-space 

architecture, facilitating the integration with upstream sample isolation technologies such as 

fluorescence-activated cell sorting (FACS)8,13,18,20 or laser capture microdissection 

(LCM)21–23, as well as downstream LC-MS platforms. We have recently demonstrated that 

nanoPOTS can enable the reliable identification of 600–900 proteins from single HeLa 

cells19,20 and quantify 330 proteins from dissociated primary cells of human lung using a 

label-free approach20. In the application to analyze inner hair cells from utricles of 

embryonic Day-15 chickens, single-cell proteomics enabled de novo reconstruction of a 

developmental trajectory using protein expression levels. It revealed the expression of 

several proteins was greatly altered during differentiation of hair cells from supporting 

cells18. In addition to label-free quantification, the nanoPOTS platform is also compatible 

with isobaric labeling; we demonstrated the nanoPOTS-TMT approach can quantify ~1200 

to ~1500 proteins across single cells from three cell lines, and reveal protein markers of 

each8,13.

Although nanoPOTS efficiently addresses sample preparation challenges of single-cell 

proteomics, it is not compatible with current automated LC-MS systems due to the nanoliter-

scale sample volumes. Most commercial LC autosamplers are only capable of sampling 

from conventional vials or multiwell plates containing at least 5 μL of sample, and thus are 

ineffective for nanoPOTS-generated samples. Consequently, LC-MS measurements were 

performed manually by aspirating nanodroplet samples to a section of capillary, attaching 

the capillary and eluting the sample onto a solid-phase extraction (SPE) column, and finally 

inserting the SPE column in-line with an analytical column for gradient separation and MS 

detection8,15,20. These procedures involved the depressurizing and re-pressurizing of the LC 

system and repeated disconnecting and reconnecting of high-pressure fittings. Such manual 

operation requires extensive expertises to, e.g. avoid leaks and achieve reproducible sample 

loading, is highly labor-intensive, and limits throughput to ~6 LC-MS analyses per day.

In this work, we designed and implemented a nanoliter-scale autosampler to seamlessly 

integrate nanoPOTS-based sample preparation with automated LC-MS platforms. The 

autosampler consisted of a high-precision robotic system, a Peltier cooler, a 10-port valve, a 

syringe pump for sample loading, and two LC pumps for SPE loading and separation. We 

also developed a drying, extraction, and loading (DEL) approach to achieve reliable and 
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reproducible sample transfer from nanowell to LC column. We systematically evaluated the 

reproducibility and throughput of the nanoPOTS autosampler for nanoscale proteomic 

samples. Finally, we demonstrated its capability in both label-free and TMT-labeling based 

single-cell proteomics.

EXPERIMENTAL SECTION

Reagents and chemicals

Deionized water (18.2 MΩ) was prepared using a Barnstead Nanopure Infinity system (Los 

Angeles, CA) and used throughout the study. Proteomic reagents including dithiothreitol 

(DTT), iodoacetamide (IAA) triethylammonium bicarbonate (TEAB), TMT11plex, and 

hydroxylamine were purchased from ThermoFisher (Rockford, IL). N-Dodecyl-β-D-

Maltoside (DDM) was a product of Sigma-Aldrich (St. Louis, MO). Trypsin and Lys-C 

(both MS grade) were obtained from Promega (Madison, WI).

Cell Culture

The bacterium Shewanella oneidensis MR-1 was cultured under fed-batch mode using a 

Bioflow 3000 fermentor (New Brunswick Scientific, Enfield, CT). The horse blood agar 

(HBa) culture media was supplemented with 0.5 mL/L of 100 mM ferric NTA, 1 mL/L of 1 

mM Na2SeO4, and 1 mL/L of 3 M MgCl2·6H2O as well as vitamins and amino acids.

All mammalian cells were cultured at 37 °C and 5% CO2 and split every 3 days following 

standard protocol. MCF-10A cell line was obtained from American Type Culture Collection 

(ATCC) and cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 

10% fetal bovine serum (FBS) and 1× penicillin streptomycin. Three Acute Myeloid 

Leukemia (AML) cell lines (MOLM-14, K562, and CMK) were kindly provided by Dr. 

Anupriya Agarwal at Oregon Health & Science University. MOLM-14 and K562 cells were 

grown in RPMI-1640 medium supplemented with 10% FBS and 1× penicillin streptomycin, 

and CMK cells were maintained in RPMI-1640 medium supplemented with 20% FBS and 

1× penicillin streptomycin.

Bulk-scale proteomic sample preparation

Shewanella oneidensis MR-1 cells were harvested at steady state and pelleted at 11,900 ×g 

for 8 min at 4 °C. Cells were lysed by homogenization with 0.1 mm zirconia/silica beads in 

the Bullet Blender (Next Advance, Averill Park, NY), speed 8, for 3 min. Proteins were 

extracted and denatured with 8 M urea and reduced with 10 mM DTT. The denatured 

proteins were digested with Trypsin at a protein/Trypsin ratio of 50:1 and incubated at 37 °C 

for 3 hours. The digested peptides were purified on a C18 SPE column and aliquoted at a 

concentration of 100 ng/μL for long-term storage.

AML cells were collected and washed with ice-cold phosphate-buffered saline (PBS) three 

times. The cell pellets were lysed in a lysis buffer containing 50 mM NH4HCO3 (pH 8.0), 8 

M urea, and 1% phosphatase inhibitor, and sonicated in an ice bath for 3 min. After 

determining the protein concentrations with BCA assay (Pierce, Thermo Fisher Scientific), 

diluted protein solutions were digested with Lys-C at 37 °C (protein:enzyme, 50:1, w/w) for 
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3 h and trypsin (protein: enzyme, 50:1, w/w) at 37 °C overnight. The digested tryptic 

peptides were acidified by trifluoroacetic acid (TFA) with a final concentration of 0.5%, and 

then purified by C18 SPE tips. Tryptic peptides were dissolved in 200 mM HEPES (pH 8.5) 

and then mixed with TMT-126 reagent in 100% ACN for peptide labeling. The TMT-to-

protein ratio was maintained at 1:1 (w/w) to achieve optimal labeling efficiency. After 

incubation for 1 hour at room temperature, extra TMT reagents were quenched with 5% 

hydroxylamine for 15 min. Finally, the TMT-labeled peptides were acidified with 0.5% 

formic acid (FA) and purified by C18 tips.

Single-cell proteomic preparation using nanoPOTS

Single cells were prepared using both label-free and TMT-labeling based nanoPOTS 

workflows.

The label-free workflow was similar to our previous work with minor modifications15,22. 

Briefly, FACS was used to isolate and deposit single cells in nanowells with a diameter of 

1.2 mm. Cells were lysed by adding 100 nL lysis buffer containing 0.2% (w/v) DDM, 5 mM 

DTT, 0.5× PBS and 25 mM NH4HCO3 (pH 8.5). The chip was incubated at 65 °C for 1 h to 

extract, denature, and reduce proteins. Next, 50 nL of 30 mM IAA was added into each 

nanowell to alkylate proteins. The proteins were first digested by 0.5 ng Lys-C at 37 °C for 3 

hours followed by 1 ng trypsin at 37 °C for 8 hours. Digested peptides were acidified by 

adding 50 nL of 5% (v/v) FA and incubating for 15 min. Finally, the sample droplets were 

dried out in a vacuum desiccator for 15 min. The nanoPOTS chips were stored at −20°C 

until analysis.

We simplified the TMT-labeling-based sample preparation workflow compared with our 

previous report8. The on-chip sample/cell arrangements and TMT channel designs are the 

same as our previous study13. Briefly, cells were lysed by adding 100 nL of lysis buffer 

containing 0.1% (w/v) DDM, 0.5× PBS and 25 mM TEAB (pH 8.5) and incubating the chip 

at 65 °C for 1 h. Next, 1 ng trypsin in 50 nL TEAB (50 mM) was directly added into each 

nanowell for overnight digestion (8 hours) at 37 °C. For TMT labeling, 1 μg TMT reagent 

(in 100 nL anhydrous ACN) was added and allowed to react for 1 hour at room temperature. 

Unreacted TMT reagents were quenched by adding 50 nL of 0.5% hydroxylamine (HA) in 

each reaction and incubated for 15 min. The droplet samples were acidified by adding 50 nL 

of 5% FA solution. Next, the TMT-labeled single-cell samples in nanowells from one TMT 

set were combined to a microliter-volume well (microwell with 2.2-mm diameter), and 

mixed with a 10-ng TMT126-labeled boosting peptide mixture and 0.2-ng TMT127N-

labeled reference peptide mixture prepared in bulk as described above. Finally, the combined 

samples in microwells were dried out in a vacuum desiccator for 15 min and stored at −70°C 

until use.

Assembling of the nanoPOTS autosampler

A schematic diagram of the nanoPOTS autosampler is shown in Figure 1A. Briefly, one 

nanoflow LC pump (Dionex UltiMate NCP-3200RS with a picoflow flow meter, Thermo 

Scientific, Waltham, MA) was used for gradient elution. One microflow LC (NCP-3200RS 

with a microflow flow meter) was used for SPE loading. A home-made miniature syringe 
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pump was used to withdraw samples from nanowells as well as for cleaning the loading 

capillary and sample loop. A high-precision robotic system was built by assembling two 

linear actuators (X-LSQ200B and X-LSQ100B, Zaber, Vancouver, Canada) and one vertical 

stage (X-VSR40A, Zaber). A Peltier cooler (Part Number: 1487–1013-ND, Digi-Key, Thief 

River Falls, MN) was integrated under the nanoPOTS chip to maintain the temperature at ~ 8 

°C. The cooler can efficiently minimize sample denaturation during large-scale and long-

term sample analysis. A 10-port valve (C72MFSH-4570ED, Valco Instruments Co. Inc, 

Houston, TX) was employed to integrate sample loading, SPE cleanup, and LC separation 

functions by switching the valve. A central-control Labview program was developed to 

synchronize all the autosampler operations and trigger MS acquisition. A photo of the 

autosampler running in front of a Fusion Lumos Orbitrap MS, as well as a close-up view of 

the 10-port valve, a nanoPOTS chip, and a Peltier cooler are presented in Figure S1.

LC-MS/MS procedures

SPE columns (100-μm-i.d., 4 cm long) were packed with 5-μm C18 packing material (300-Å 

pore size, Phenomenex, Torrance, CA). Self-Pack PicoFrit capillary tubings (50-μm-i.d., 
New Objective, Woburn, MA) with integrated 10-μm-i.d. ESI emitters were used to pack LC 

columns. The 60-cm-long LC columns were packed with 3-μm, C18 packing material (300-

Å pore size, Phenomenex). To reduce column back pressures, the LC columns were heated 

to 50°C using AgileSleeve column heater (Analytical Sales and Services, Inc., Flanders, NJ).

The sample loading procedures are illustrated in Figure 1B. Unlike typical sample injection 

procedures, a DEL approach was developed for the nanoPOTS autosampler. Briefly, an 

aqueous droplet (0.1% FA in water) was applied to a nanowell and then allowed it to sit for 4 

min and extract the sample into the droplet (Figure 1B1). Next, the droplet was withdrawn 

into the sample loop. To increase sample recovery, two additional washing droplets were 

applied to the nanowell and withdrawn into the sample loop. Air bubbles were used to 

segment the sequentially generated sample plugs. Then, the 10-port valve was switched to 

the SPE loading position to concentrate the sample at the head of the SPE column, as well as 

to desalt the sample (Figure 1B3). Finally, the valve was switched to separation position and 

the peptide separation and MS detection were started (Figure 1B4). Detailed autosampler 

operation procedures are shown in Table S1 of Supporting Information.

For the LC separations, water with 0.1% FA was used as mobile phase A (Buffer A) and 

ACN with 0.1% FA was used as mobile phase B (Buffer B). Four different gradient profiles 

were used in this study. For example, for a typical 60-min gradient, peptides were separated 

by a linear gradient from 8% to 22% Buffer B in 50 min, followed by linearly raising to 35% 

Buffer B in 10 min. The column was washed by maintaining at 80% Buffer B for 10 min. 

Finally, the column was equilibrated for 5 min using 2% Buffer B. It should be noted that 

the actual column equilibration time was ~17 min, because the gradient pump was 

maintained at 2% Buffer B during the sample injection process.

An Orbitrap Fusion Lumos Tribrid MS (ThermoScientific) operated at data-dependent 

acquisition mode was used for analyses with 2 kV used for electrospray ionization (ESI) of 

the LC separated peptides. The ion transfer capillary was heated to 200 °C to accelerate 

desolvation, and the RF lens was set at 30%. MS spectra were acquired in the Orbitrap 
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analyzer with a 120,000 resolution (m/z 200), an AGC target of 1E6, and a maximum ion 

injection time of 246 ms. For Shewanella oneidensis MR-1 peptides, precursors were 

isolated at an m/z window of 2 and fragmented by higher-energy collisional dissociation 

(HCD) with collision energy (CE) at 35%. The Orbitrap was used to collect MS/MS spectra 

at a resolution of 60,000, an AGC target of 2E5, and maximum ion injection times of 118 

ms, 250 ms, and 350 ms for peptide loadings of 10 ng, 5 ng, and 1 ng, respectively. For 

MCF10A cells, an ion trap analyzer was used to collect MS/MS spectra. The precursors 

were isolated at an m/z window of 2 and fragmented by collision-induced dissociation (CID) 

with 35% CE. An AGC target of 2E4 was used and two maximum ion injection times 

including 120 ms for 50 cells and 250 ms for 1–10 cells. For single AML cells, precursors 

were isolated at an m/z window of 0.7 and fragmented by HCD with 38% CE. MS/MS 

spectra were collected in Orbitrap at a resolution of 120,000, an AGC target of 1E6, and a 

maximum ion injection time of 246 ms13.

Data Analysis

MaxQuant (version 1.6.2.10) was used to process all the raw files24. Briefly, the Andromeda 

engine was used to search MS/MS spectra against an UniProtKB database for Shewanella 
oneidensis MR-1 (Downloaded in 2/23/2017 containing 645 reviewed and 3426 unreviewed 

sequences) and an UniProtKB human database (Downloaded in 12/29/2016 containing 

20,129 reviewed sequences). N-terminal protein acetylation and methionine oxidation were 

selected as variable modifications. Both peptides and proteins were filtered with a maximum 

false discovery rate (FDR) of 0.01. For label-free quantification for Shewanella oneidensis 
MR-1 and MCF10A samples, Match-Between-Runs (MBR) was activated with a matching 

window of 0.4 min and alignment window of 10 min. The LFQ intensities were extracted, 

filtered to contain ≥ 70% valid values, and visualized using Perseus (Version 1.6.2.1)25. For 

TMT-based quantification, corrected reporter ion intensities were extracted. Reporter ion 

intensities from single cells were normalized to the reference channel containing 0.2 ng of a 

peptide mixture from the three AML cell lines at PSM level using MaxQuant (version 

1.6.12.0)26. To minimize the batch effect from multiple TMT experiments, the relative 

abundances from 19 TMT plexes were log2-transformed and the data matrices from all the 

TMT experiments were combined after sequentially centering the column and row values to 

their median values. A criterion of >70% valid values and at least two identified peptides per 

protein were required to generate the “quantifiable” protein list. The data matrix was further 

analyzed by Perseus for statistical analysis including principle component analysis (PCA) 

and heatmap analysis26.

RESULT AND DISCUSSION

Design of the nanoPOTS autosampler and the injection procedures.

Although the nanoPOTS platform significantly improved the overall sensitivity of single-cell 

proteomics analysis, nanoliter-scale samples pose a challenge for current automated LC-MS 

analysis systems. First, the small-size and customized nanowells are not compatible with 

commercially available LC autosamplers. Second, nanoliter-scale aqueous droplet samples 

are prone to evaporation during long-term storage before analysis (weeks to months), as well 

as during automated LC analysis (often days to weeks). Such evaporation could lead to 
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incomplete sample injection and poor reproducibility in injection volumes. To this end, we 

designed and assembled a prototype autosampler using a programmable robotic system 

(Figure S1). The home-built high-precision robot allowed us to precisely align the sampling 

capillary with the nanoPOTS chips for reproducible injection. A Labview software was 

developed to drive the automated analysis (extraction, loading to sample loop, loading to 

SPE column, multi-step washing, LC and MS triggering).

To address the challenge associated with droplet evaporation, we developed a DEL (drying, 

extraction, and loading) approach (Figure 1B); instead of keeping the sample hydrated, we 

completely dried the samples in a vacuum desiccator after sample preparation. During the 

drying process, all the peptides precipitated together with the salts and surfactants. To bring 

back the peptides to solution phase, a 4-min droplet extraction step was applied. To 

maximize peptide recovery, two additional washing steps were also included. All the sample 

and washing solutions were loaded into the sample loop and enriched into a SPE column.

Reproducibility of sample injection.

The key aspect of a LC autosampler is the ability to perform reproducible sample injection. 

To assess this, we continuously injected and analyzed 20 samples of 10-ng tryptic peptides 

from Shewanella oneidensis MR-1 cells. As shown in Figure 2A and 2B, the 20 analyses 

give similar levels of peptide and protein identifications. An average of 10268 unique 

peptides were identified from each analysis, leading to an average of 1683 protein groups. 

1390 out of total 1911 identified proteins were quantifiable with >70% valid values and 2 

peptides required across the 20 analyses. To evaluate the reproducibility, we performed 

pairwise correlation for all 20 injections using log2-transformed LFQ intensities provided by 

MaxQuant. High run-to-run reproducibility with Pearson’s correlation coefficients of > 

0.995 (median value of 0.998) was achieved (Figure 2C). These results demonstrated the 

nanoPOTS autosampler and the DEL injection procedures can achieve reproducible sample 

injections for low-nanogram peptide samples.

Sensitivity of the nanoPOTS-LC-MS system.

To evaluate the sensitivity of the nanoPOTS autosampler coupled with a LC-MS system, we 

preloaded serially diluted tryptic peptides from 1 ng to 20 ng in nanowells and measured 

them using a 50-μm-i.d. LC and an Orbitrap Fusion Lumos MS. With the increased sample 

loadings, the average peptide identifications increased from 4544 to 10268, and protein 

identifications from 1082 to 1628 (Figure 3A and 3B). Using MaxQuant’s MBR capability, 

the average numbers of protein identifications were increased to 1674, 1832, and 1872 for 1 

ng, 5 ng, and 20 ng peptide samples, respectively. As expected, protein intensities increased 

linearly with the peptide loadings (Figure 3C). More importantly, for all the peptide loading 

groups, excellent reproducibility with median coefficients of variation (CVs) below 4.5% 

(protein level) was achieved (Figure 3D), indicating the autosampler can reliably analyze 

low nanogram tryptic peptides prepared in nanowells.

Throughput and robustness.

In addition to reproducibility and sensitivity, another important aspect of the automated LC-

MS system for single cell proteomics is sample throughput, as a large number of single cells 
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usually need to be profiled to reveal rare cell populations. The throughput of proteomics 

analysis is mainly limited by the LC separation step, where hours-long gradients were 

required to reduce the proteome complexity and achieve good coverage. To assess the 

proteome coverage with different gradient times, we analyzed 10-ng tryptic peptides from 

Shewanella oneidensis MR-1 cells using 30 min, 60 min, and 120 min LC gradients.

The overall designs of LC operation programs are illustrated in Figure 4A. We found the use 

of SPE column can significantly improve the throughput in three aspects: (1) Sample can be 

loaded to the SPE column at a high flow rate (3 μL/min); (2) Because the column 

equilibration step is parallelized with sample injection and SPE loading steps, only 5-min is 

required after column washing step; (3) The SPE efficiently purified the sample and 

improved the robustness of LC-MS.

The automated LC-MS system can analyze 9.6, 16, and 24 samples per day when 120 min, 

60 min, and 30 min LC gradients were used. Figure 4B shows the total numbers of MS/MS 

spectra, peptide spectrum matches (PSMs), and peptide identifications at the three LC 

gradients. Reducing gradient times from 120 min to 30 min significantly reduces the 

MS/MS spectra from 24,354 to 12,314, leading to a decrease of PSMs from 14,757 to 7,578. 

However, only a 15% decrease in unique peptides and 6% in protein groups was observed 

when reducing gradient times from 120 min to 60 min. The unique peptides and protein 

groups decreased by 33% and 22%, respectively, when reducing gradient time from 60 min 

to 30 min. These results suggest the 60-min gradient provides a good balance between 

proteome coverage and sample throughput for the present application, and a starting point 

for low-nanogram sample analyses. It should be noted that the optimal gradient time is 

expected to vary with other parameters such as peptide loading amounts and MS scan rates, 

as well as specific applications.

System robustness is another key concern for large-scale proteomic studies. The autosampler 

was constructed using robust components, including robotic stages (Zaber), ThermoFisher’s 

Dionex pumps, and Valco’s UPLC valves, which have been widely adopted and 

demonstrated in various analytical systems. To improve the operation robustness of the 

automated LC-MS system, we also employed 50-μm i.d. LC columns instead of more 

sensitive (i.e. lower flow rate) 30-μm i.d. LC columns used in our previous nanoPOTS-

related studies8,15,18,20,23. The autosampler has been extensively applied in various projects 

involving single mammalian cells13, as well as studies of nano-scale mouse and human 

tissue sections, and plant tissue sections (unpublished). Over 500 LC-MS analyses have been 

performed without system failure, although some runs failed due to clogged electrospray 

emitters and LC columns. For nanogram purified peptide samples and single cell samples, 

the autosampler can work continuously for >2 weeks and >100 injections.

Label-free single cell proteomics.

We next evaluated the performance of the nanoPOTS autosampler for label-free single-cell 

proteomics using FACS-sorted MCF10A cells. As demonstrated previously, MaxQuant’s 

MBR algorithm of can significantly improve the proteome coverage15,18,20, by allowing the 

single cell samples to be matched using peptide libraries generated from samples comprising 

50 MCF10A cells.
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We first evaluated the impact of LC gradients on the proteome coverage of single cells. As 

shown in Figure 5A, the average numbers of protein identifications by MS/MS increased 

from 234 to 269 (15%), when reducing gradient lengths from 60 min to 30 min. If MBR was 

used, the average number of protein identifications increased to 764 for the 30-min LC 

gradient. The improved proteome coverage with the 30-min gradient can be ascribed to 

increased peak sharpness and intensity with the faster separation. The 75th percentile of full 

width at half maximum (FWHM) were reduced from 11.0 ± 0.33 s (n=5) to 9.1 ± 0.20 s 

(n=5). More importantly, the use of short gradient also significantly increases the analysis 

throughput to 24 single cells per day (Figure 4A1).

Next, we evaluated the proteome coverage at different cell loadings, including controls 

(blank droplets from FACS), single cells, 3 cell, and 10 cells. Only 16 proteins were 

identified from controls, and the numbers of protein identifications increased to 252, 582, 

and 894 for single cells, 3 cells, and 10 cells, respectively. Using MBR, the identification 

numbers were increased to 88, 727, 1216, and 1580, respectively (Figure 5B). Most proteins 

identified from control samples are included in single cells (Figure S2A), indicating that the 

background contaminations were possibly from the lysed cells in cell suspension or the 

carry-over of LC columns. We also compared the summed protein intensities between 

control and single cells (Figure S2B). The total protein intensity of control sample only 

accounts for 2.07% of single cells.

The proteome coverage for single cells was on a par with our previous reports using manual 

sample injection and a lower flow-rate LC system (30-μm-i.d. LC column), where an 

average of 669 proteins was identified20. The proteome coverage across the 10 single cells 

are similar, both with and without MBR (Figure 5C). When 70% valid iBAQ (intensity-

based absolute quantification) values were required, 602 out of total 1093 proteins are 

quantifiable across the 10 cells. Figure 5D shows the pair-wise correlation matrix between 

the 10 single cells. High Pearson’s correlation coefficients with a median value of 0.92 were 

obtained. The low heterogeneity in protein expression from these single cells can be 

attributed to the fact that all the cells were cultured in identical conditions.

TMT labeling-based single cell proteomics.

We next evaluated the performance of the nanoPOTS autosampler for large-scale 

quantitative single-cell proteomic analysis using FACS-sorted AML cells (57 MOLM-14 

cells, 57 K562 cells, and 38 CMK cells) and TMT-based isobaric labeling approach7,8,13. In 

addition to 104 cells that were analyzed in our previous study15, we further incorporated 48 

additional single cells for this study, resulting in total of 152 cells. To improve quantification 

precision, an improved Boosting to Amplify Signal with Isobaric Labeling (iBASIL) 

strategy was used13. TMT126 and TMT127N were used as boosting (10 ng peptide mixture) 

and reference (0.2 ng peptide mixture) channels, respectively. Single cells were labeled with 

the remaining TMT channels (MOLM-14:TMT128N, TMT129C and TMT131N; 

K562:TMT128C, TMT130N and TMT131C; CMK:TMT129N and TMT130C) (Table S2). 

The coverage of single-cell proteome mainly relied on the high peptide loadings in boosting 

channels. We observed similar number of peptides and proteins were identified across the 19 

LC-MS runs. As shown in Figure S3A, an average of 9,845±115 unique peptides were 
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identified from each run (8 cells per run), leading to an average of 1,821±32 proteins (total 

2,558 protein groups and 2,071 proteins having two or more peptides). To assess the 

reproducibility in sample preparation and injection, we extracted the protein intensities 

based on MS1-level quantification. As shown in Figure S3B, high correlations with median 

values of 0.98 were obtained across the 19 LC-MS runs (the median value is 0.98), 

demonstrating high reproducibility in both nanoPOTS-based sample preparation and 

automated sample injection.

We used PSM-level ratio normalization approach26 (available in MaxQuant 1.6.12.0) to 

mitigate the batch effect from TMT-based quantification. Among the 2,558 total identified 

protein groups, 1,424 proteins were quantifiable with more than 70% valid values across all 

the 152 AML cells. The correlation matrices show the expected higher correlations between 

the same type of cells and lower correlations between different cell types (Figure 6A). 

Moreover, PCA projection shows the single cells from same cell lines clearly cluster 

together and well separate from one another (Figure 6B).

CONCLUSION

We have demonstrated the nanoPOTS autosampler can reproducibly and robustly perform 

nanoliter-scale sample injection from nanowells to LC-MS system for automated analysis. 

Compared with the previous manual sample injection approach, the autosampler greatly 

improved the operation robustness and sample throughput by avoiding the labor-intensive 

manual procedures and enabling 24-hour non-stop LC-MS operation. We also showed the 

DEL approach is an efficient and reproducible way for storing and injecting low-volume 

samples for LC-MS. The performance of the autosampler was demonstrated in both label-

free and TMT labeling-based single cell proteomics, resulting in 602 (label-free) and 1,424 

(TMT) quantifiable proteins across all the studied single cells with a rigorous criterion 

(>70% valid values). High-throughput single-cell analysis at throughput of 24 cells per day 

and ~77 cells per day was achieved when label free and TMT labeling approaches were 

used, respectively.

We believe the autosampler will be an indispensable part of the nanoPOTS platform for 

single-cell proteomic analysis. Although single-cell proteomics was demonstrated in this 

work, the autosampler is also broadly applicable to other nanoscale samples including small 

numbers of cell populations enriched by FACS and micromanipulator, on-demand 

subcellular capillary microsampling from live cells or vertebrate embryos,27 and cell-type-

specific and spatially resolved tissue mapping in combination with LCM14,21,22.

The performance of the automated nanoPOTS-LC-MS platform could be improved with 

further technical developments. For example, the sample throughput can be doubled using 

parallel LC columns to improve the duty cycle28, because ~50% of analysis time was spent 

on column washing and sample injection procedures when 30-min gradient was used (Figure 

4). Our previous study showed the peptide recoveries in nanowells during a single-step DEL 

procedure were in the range of 79–83%29. The sample recovery could be further improved 

using smaller nanowells or low-binding chemical coatings on nanowell surfaces30. The LC-

MS sensitivity can be enhanced using lower-flow-rate and higher-resolution LC columns 
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such as micropillar array-based nanoLC cartridges31. Advanced Orbitrap mass 

spectrometer19, trapped ion mobility spectrometry (TIMS)32 and SLIM IMS with time of 

flight (TOF)10,33 should further improve the sensitivity and protein identifications. With 

these ongoing developments, we expect the fully automated nanoPOTS-LC-MS platform 

will become an indispensable tool in biomedical research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Schematic diagram of the nanoPOTS autosampler. A photo of the autosampler system is 

attached in Figure S1. (B) Step-by-step sample injection and separation procedures using the 

DEL approach. After sample preparation, droplet samples in nanoPOTS chip are dried under 

vacuum. (B1) A nanoliter droplet is applied to a nanowell and allowed to sit for several 

minutes to extract the sample; (B2) The droplet is withdrawn into the sample loop of 10-port 

valve, followed by two additional washing droplets; (B3) The sample plugs in the loop are 

concentrated into a SPE column and desalted; (B4) The 10-port valve is switched to the 

separation position. LC gradient is applied to elute peptides for MS detection.
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Figure 2. 
(A) Unique peptide and (B) protein groups identified from consecutive injection of 10-ng 

tryptic peptides from Shewanella oneidensis MR-1 cells based on tandem mass spectra. (C) 

Pairwise correlations of log2-transformed LFQ intensities for the 20 injections. The inset 

graph shows a typical correlation between the 10th and 11th injections.
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Figure 3. 
(A) Unique peptide and (B) protein groups identified from serially diluted tryptic peptides (1 

ng, 5 ng, and 20 ng) from Shewanella oneidensis MR-1 cells with and without MBR. Error 

bars indicate standard deviations from 5 technical replicates. (C) The distributions of log2-

transformed LFQ intensities for the three peptide loading samples. Center lines show the 

medians; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the 

interquartile range from the 25th and 75th percentiles. (D) Violin plots show the 

distributions of coefficients of variation (CVs) of protein LFQ intensities in each loading 

group. LFQ intensities are generated by MaxQuant.
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Figure 4. 
(A) Operation programs of nanoPOTS autosampler at different LC gradient times. (B) 

Average of MS/MS spectra, PSM, and unique peptides by analyzing 10-ng tryptic peptides 

from Shewanella oneidensis MR-1 cells using the 30-min, 60-min, and 120-min gradients. 

(C) The corresponding protein identifications. Error bars indicate standard deviations from 5 

technical replicates.
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Figure 5. 
(A) Average proteome coverage of single MCF10A cells using 30-min and 60-min LC 

gradients. Error bars indicate standard deviations from 5 biological replicates (5 different 

single MCF10A cells). (B) Average proteome coverages of MCF10A samples containing 

noise (0 cell), 1 cell, 3 cells, and 10 cells using a 30-min LC gradient. Error bars indicate 

standard deviations from 3 replicates for noise, 10 replicates for 1 cell, and 4 replicates for 3 

and 10 cells. (C) The numbers of protein identifications from 10 different single MCF10A 

cells. For (A-C), the MBR identifications were obtained by matching to a peptide library 

prepared from 50 cells. (D) Pair-wise correlation matrix of the 10 MCF10A cells using log2-

transformed iBAQ intensities. The median Pearson’s correlation coefficient is 0.92.
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Figure 6. 
(A) The clustering matrix showing pair-wise Pearson correlations between the 152 single 

AML cells using normalized protein intensities. (B) PCA shows the clustering of single cells 

and the separation of cells from different cell lines based on quantitative single-cell 

proteomics.
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