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Abstract:  

Proteomics analysis, including post-translational modifications (PTMs) of mass-limited samples has 

become an important method for understanding biological systems in physiologically relevant contexts, 

such as patient samples and in multicellular organoids and spheroids. There is a growing need to develop 

ultrasensitive top-down proteomics techniques to provide valuable insights into PTM-regulated cellular 

functions in mass-limited samples, including single cells. Capillary electrophoresis–mass spectrometry 

(CE-MS) is a promising technique due to its high resolution and sensitivity compared to liquid 

chromatography (LC)-based separation techniques. We recently developed “Spray-Capillary”, an 

electrospray ionization (ESI)-assisted device for quantitative ultralow-volume sampling and online CE-MS 

analysis. In this study, we present an enhanced spray-capillary-based CE-MS platform using the 

polyethyleneimine (PEI) coated capillary for ultrasensitive top-down proteomics analysis. Under optimized 

conditions, we detected >200 proteoforms from 50 pg E. coli lysate, which is approximately one-tenth of 

the protein mass in a single mammalian cell. Using a nanodroplet-based sample preparation method and 

our optimized CE-MS platform, we reproducibly detected 867 intact proteoforms in HeLa cells and 711 

intact proteoforms in OVCAR-8, a type of ovarian cancer cell (~45 cells per analysis). Overall, our results 

demonstrate the capability of the Spray-Capillary CE-MS system to perform top-down proteomic analysis 

on picogram amounts of sample, and this advancement presents the possibility of meaningful top-down 

proteomic analysis of mass-limited samples down to the level of single mammalian cells. 
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Traditional proteomics studies, especially top-down studies, require analyzing bulk cell lysate 

produced by homogenizing a large number of cells to obtain sufficient analyte for separation and mass 

spectroscopy (MS) analysis1. However, the lack of analytical sensitivity that necessitates the bulk lysate 

limits the scope and biological impact of the MS analysis. Mass-limited samples such as patient clinic 

samples (e.g., tissue biopsies or spheroids) and even single cells might not produce enough analyte for 

proteomics. Additionally, the requirement to blend the proteomes of thousands of different cells destroys 

the spatial and temporal organization of biological tissues.2, 3 Significant progress has been made in bottom-

up-based single-cell proteomics (SCP), including advancements in small-scale proteomics sample 

preparation, sensitive separation techniques, and high-resolution mass spectrometry instrumentation4-15. 

These developments have enabled the application of bottom-up proteomics to analyze mass-limited samples 

such as single cells16. Bottom-up proteomics, however, requires protein digestion which can result in the 

loss of structural information specific to the biologically active proteoforms, including post-translational 

modifications (PTMs)17. Top-down proteomics analyzes intact proteoforms directly and can observe 

structural variations as a result of genetic variation, alternative splicing of RNA transcripts, and PTMs16, 18-

20. Several attempts have been made in top-down proteomics for mass-limited samples, including SCP21-24. 

However, top-down proteomics generally suffers from low sensitivity due to high sample complexity, wide 

dynamic range, and wide isotopic/charge state distributions of proteoforms25-28. This issue is particularly 

prominent for analysis of mass limited samples as the number of proteoform copies is limited by the total 

sample mass. As a result, front-end separation is critical to improving sensitivity for top-down proteomics 

by decreasing sample complexity and improving sensitivity29.  

Recently, capillary electrophoresis (CE) has emerged as a highly effective technique in the field of 

top-down proteomics, yielding remarkable results. This can be attributed to several advantages associated 

with CE, including its exceptional separation efficiency, ability to handle ultra-low sample volumes (e.g., 

pL-nL), and impressive sensitivity9, 16, 24, 30-33. The low diffusion coefficients of large molecules result in 

high theoretical plate numbers for the CE separation of biological samples34. As sample adhesion has been 

demonstrated to be a primary bottleneck in mass-limited and single-cell proteomics35, minimizing sample 
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injection volume requirements and sample dilution improves sensitivity. CE offers a solution by enabling 

the analysis of small-volume, mass-limited samples with exceptional sensitivity, thereby overcoming the 

limitations associated with sample adhesion. Therefore, CE is capable of analyzing small-volume, mass-

limited samples with high sensitivity for top-down proteomics, as demonstrated in a few recent studies4, 

24, 27, 30, 32, 36, 37 

Despite the high separation efficiency and low sample consumption of CE, ultralow volume sample 

injection down to pL-nL still remains challenging. Typically, hydrodynamic2 and electrokinetic methods38 

are used for low- volume CE sample injection; however, these approaches commonly require dedicated 

setups that may not be generally suitable for all labs. Additionally, these approaches can only be applied 

for offline sampling with relatively low throughput and may also introduce sample loss during transfer 

and handling. As an alternative for ultralow volume sampling, we have developed the ‘Spray-Capillary’ 

Figure 1. Evaluation of CE separation performance for bare and PEI coated capillaries. 3 ng E. coli cell lysate was injected with a 120 s 

spray-capillary injection time. (A) Triplicate base peak electropherograms BPEs (700-1600 m/z) for coated capillary (-30 kV), bare capillary 

(-15 kV), and bare capillary with pressure elution (-15 kV + 50 mbar). (B) overlayed BPEs for a coated capillary, bare capillary, and bare 

capillary with pressure elution run. Intensity of the black trace increased 100-fold before plotting to make the spectra visible. (C) Extracted 

ion electropherograms (EIEs) and charge state distribution of the Acid stress chaperone (HdeA) using each separation condition.  
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device39, 40. The spray-capillary utilizes the pressure difference produced by electrospray ionization (ESI) 

to drive ultralow volume sampling (e.g., pL/s). Furthermore, this device can be directly used for online 

CE separation and MS detection with limited sample loss and improved reproducibility, as demonstrated 

in our previous application to single-cell metabolomics31. Here we introduced an improved spray-

capillary-based CE-MS platform for ultrasensitive top-down proteomics analysis. 

Intact proteins tend to adsorb onto the inner surface of the fused silica capillary during the CE-MS 

analysis (particularly when pH < 4), leading to decreased sensitivity32. To address this limitation, 

functionalizing the inner surface with the coating material, such as linear polyacrylamide (LPA)41 or 

polyethyleneimine (PEI)36, can significantly reduce sample loss from non-specific absorption. Moreover, 

it has been previously demonstrated that electroosmotic flow (EOF) can be regulated by changing the 

chemistry of the inner walls of the capillary42. In this study, we first evaluated the performance of spray-

capillary devices fabricated from a bare fused silica capillary and PEI-coated capillary (Figure 1) to 

separate intact proteins.  

Two spray-capillary devices (bare and PEI-coated, 85 cm length, 50 μm ID) were fabricated (details 

in Supporting information). The sampling rate was measured as previously reported40, and the coating did 

not have any significant effect on the sampling rate as shown in Supporting information Figure S1A 

(150 ± 6 pL/s for PEI-coated capillary and 147 ± 6 pL/s for bare capillary). We first performed a 60 s 

spray-capillary sample injection with 3 kV ESI voltage to sample 3.1 ± 0.1 ng and 3.0 ± 0.1 ng E. coli 

lysate using the coated and bare spray-capillary devices, respectively. The electropherogram spectra and 

signal intensities were not reproducible run-to-run for the bare capillary, as demonstrated in Figure 1A. 

Reproducibility was improved for the bare capillary when applying pressure (e.g., 50 mbar) to facilitate 

protein elution; however, despite some improvement, the separation resolution was still poor as 

demonstrated by overlapping, unresolved peaks. The PEI-coated spray-capillary demonstrated improved 

separation efficiency and reproducibility in migration times compared with the bare capillary as 

demonstrated by the well resolved peaks and consistent migration times. Figure 1B displays overlayed 

BPE spectra for each spray-capillary and separation condition. The average maximum BPE intensity for 
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the coated capillary is 1.81E8 ± 3.02E7 (RSD = 17%). This represents a more than 500-fold increase 

compared with the bare capillary (3.18E5 ± 1.38E5, RSD = 43%) and bare capillary with pressure elution 

(1.84E7 ± 4.36E7, RSD = 24%). This increase in sensitivity for the PEI-coated spray-capillary also 

allowed detection of a higher number of proteoforms (247 ± 58) compared with the bare capillary (42 ± 

3), and the bare capillary with pressure elution (130 ± 8) (Supporting information Figure S1B). We 

observe an increase in proteoform detection for all mass ranges with the PEI-coated spray-capillary 

(Supporting information Figure S1C). In particular, the increase in sensitivity using the PEI-coated 

spray-capillary allowed the detection of larger molecular weight proteoforms (>15 kDa) that were not 

detected using the bare spray-capillary. Supporting information Figure S2 displays the intensity 

correlation of the detected intact proteoforms among the triplicates under different conditions. It was 

observed that the R2 values exhibited a significant increase from 0.51 ± 0.13  for the bare capillary to over 

0.93 ± 0.027 for the coated spray-capillary, indicating a notable improvement in reproducibility compared 

to the bare capillary. 

An example protein identified using the PEI-coated and bare spray-capillary devices, the acid stress 

chaperone HdeA (P0AES9), is shown in Figure 1C. The EIE intensity of the protein increased from 

7.37E5 (bare capillary) to 9.40E8 (PEI-coated capillary). This represents a 1275-fold increase in maximum 

signal intensity for the PEI-coated spray-capillary compared with the bare capillary and demonstrates that 

the sensitivity was improved by PEI coating. Our study demonstrates  addition of PEI coating to the spray-

capillary device improves reproducibility and sensitivity for intact proteoforms. Thus, the PEI-coated 

spray-capillary is more suitable for intact protein CE-MS analysis of nL-level samples with limited (e.g., 

ng-level) mass.  

To evaluate the effect of capillary ID on CE separation, two PEI-coated spray-capillaries with 50 

µm and 20 µm IDs were fabricated at the same length (details in Supporting information). The sampling 

rate for the two capillaries was measured as done previously40. The sampling rate was 24 ± 1 pL/s for the 

20 µm ID PEI-coated spray-capillary and 239 ± 4 pL/s for the 50 µm ID spray-capillary (Supporting 

information Figure S3A). Appropriate injection times were selected for each spray-capillary to ensure 
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the same sample amount was injected. The sample injection time was 12 s for the 50 µm ID spray-capillary 

and 120 s for the 20 µm ID spray-capillary for injection of 1 ± 0.02 ng and 1 ± 0.04 ng intact E. coli lysate, 

respectively. Triplicate BPEs are shown in Figure 2A and 2B using the 50 and 20 μm ID PEI-coated 

spray-capillaries, respectively. The BPE intensity using the 20 μm ID spray-capillary was 2.2E8 ± 1E7, 

which was ~32-fold higher compared with the BPE intensity measured using the 50 μm ID spray-capillary 

(6.9E6 ± 1E6).  

Figure 2C and 2D show EIEs for 4 arbitrarily selected proteoforms identified using both 

capillaries. A substantial enhancement in protein signal intensity across all four proteoforms was observed 

when the 20 μm ID PEI-coated spray-capillary was employed (Supporting Information Table S1). 

Because the spray-capillary CE-MS uses the sheathless interface, decreasing the ID of spray-capillary 

leads to decreased emitter ID (e.g., the emitter ID is ~20 µm for 20 µm ID spray-capillary), which can 

significantly increase charge density within the droplet during the ESI process and facilitate more efficient 

conversion of the droplet into the gas phase43. We also evaluated the separation efficiency for the 20 μm 

ID and 50 μm ID spray-capillary devices. The theoretical plate numbers of the identified proteoforms 

ranged from 69K to 147K when using the 20 μm ID spray-capillary and increased 22-128% compared to 

Figure 2. Evaluation of CE separation performance for PEI-coated spray-capillary with different inner diameters. Base peak electropherograms 

(BPEs, 700-1600 m/z) from triplicated analyses using (A) 50 µm spray-capillary and (B) 20 µm ID spray-capillary. Extracted ion 

electropherograms (EIEs) and charge state distribution of selected proteoforms using (C) 50 µm spray-capillary and (D) 20 µm ID spray-

capillary. Venn diagram of detected proteoforms among triplicate runs using (E) 50 µm spray-capillary and (F) 20 µm ID spray-capillary. 
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the 50 μm ID spray-capillary (Supporting Information Table S1).  It was observed that the theoretical 

plate numbers of the identified proteoforms ranged from 69K to 147K when using a 20 μm ID spray-

capillary, which represents an increase of 22-128% compared to the 50 μm ID spray-capillary. It has been 

reported that reducing the inner diameter of the separation capillary can enhance the separation efficiency 

in CE due to a decrease of Joule heat generation.44 The excess heat from the current in the capillary can 

cause peak broadening and reduce the separation resolution. The number of detected proteoforms was 286 

and 584 using the 50 μm and 20 μm ID PEI-coated spray-capillaries, respectively, as shown in Figures 

2E and 2F (details in Supporting information Figure S3B). 263 (74%) proteoforms were detected in 

two or more runs using the 50 μm ID capillary and 446 (72%) of the proteoforms were detected in two or 

more runs using the 20 μm ID spray-capillary. Overall, we found that implementation of the PEI coating 

and reduction of the ID of the spray-capillary improved CE separation efficiency and sensitivity for low 

volume samples of intact protein mixtures. The 20 μm ID, PEI-coated spray-capillary format was used for 

all subsequent experiments.  

To evaluate the spray-capillary's ability to conduct quantitative analysis, we performed ultralow 

volume top-down proteomics analysis using different amounts of intact E. coli lysate. Using a 120 second 

injection time with a sampling rate of 21 ± 1 pL/s, 0.05 ± 0.002 ng, 0.1 ± 0.005 ng, 0.5 ± 0.02ng and 1 ± 

0.05 ng E. coli lysate was injected (n = 3). The BPE intensities increased as injection mass increased, as 

shown in Supporting information Figure S4A-D. A calibration curve was plotted for average BPE 

intensity vs sample mass and a high linear correlation (R2 > 0.99) was observed (Supporting information 

Figure S4E). In addition, Figure S4G and S4H displayed calibration curves for two arbitrarily selected 

proteoforms, Acid stress chaperone HdeA and Phosphocarrier protein HPr. These examples also exhibit a 

strong linear correlation between the sample injection amount and the intensity of the signal (R2 > 0.99). 

Moreover, the number of detected proteoforms increased with increased sample injection mass, from 233 

for 0.05 ng to 532 for 1 ng, as expected. Overall, we have demonstrated that the spray-capillary device is 

a viable method for quantitative analysis of intact proteoforms in mass-limited samples. 
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As the total amount of protein predicted to exist within a human somatic cell is 0.5 ng12, we further 

examined the 50 pg sampling amount results (e.g., 1/10 of the cell content) to contextualize our results 

with single cell-level CE-MS analysis (Figure 3). A total of 233 unique proteoforms were detected, in 

which 150 (67%) proteoforms were detected in two or more runs as shown in Figure 3B. The mass 

distribution of the unique proteoforms is shown in Figure 3C, and we find that we can detect 45 larger 

molecular weight proteoforms (>15 kDa). Figure 3D also showed a few selected proteoforms (molecular 

weights vary from 9k to 18k) with isotopic distributions and charge envelopes. Overall, the spray-

capillary-based CE-MS platform was capable of characterizing hundreds of proteoforms from pg-level 

complex samples. Previous top-down CE-MS studies on complex samples such as cell lysate analyzed 

much larger masses of protein (e.g., ~0.25 ng36, 480 ng45, 1 µg46) and LC-MS-based analysis of these 

Figure 3. Ultrasensitive top-down analysis of 50pg E. coli cell lysate using spray-capillary CE-MS. (A) Base peak electropherograms BPEs 

(700-1600 m/z) from three replicated runs; (B) Venn diagram of detected proteoforms for three replicated runs; (C) Mass distribution of 

detected proteoforms; (D) Extracted ion electropherograms (EIEs) and charge state distribution of selected proteoforms.  
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samples also require relatively high mass (e.g., ≥ 10 ng 21). Our results demonstrate the capability of this 

platform to perform ultra-sensitive top-down analysis with limited mass samples (e.g., 50 pg) down to the 

mass of protein present within a single mammalian somatic cell. 

To demonstrate that the optimized spray-capillary device can be utilized to perform top-down 

proteomics on small numbers of intact human cells, we analyzed intact HeLa cells and ovarian cancer 

cells using a microdroplet-based sample preparation method, similar to previously reported methods used 

for bottom-up SCP that demonstrated minimal sample loss (platform schematic in Supporting 

information Figure S5). HeLa cells, OVCAR-8 cells, and bulk HeLa lysate were analyzed using the top-

down spray-capillary CE-MS platform with this droplet-based sample preparation method (100 cells per 

droplet, ~45 cells per injection). To better control sample injection under the microscope, a large ID PEI-

coated spray-capillary (360 μm OD, 50 μm, 80 cm length) was used for sample injection and CE-MS 

analysis. Figure 4A shows triplet runs from all three sample types (example runs shown in Supporting 

information Figure S6). The mass distribution of the detected proteoforms from each sample type is 

shown in Figure 4B. Overall, 867 proteoforms were detected from intact HeLa cells, 711 proteoforms 

were detected from OVCAR-8 cells, and 778 were detected from HeLa bulk cell lysate. In total, 1397 

unique proteoforms were detected from all runs of the two cell lines. The mass distribution of the unique 

Figure 4. Spray-capillary-based CE-MS analysis of HeLa cells, OVACAR-8 cells, and bulk HeLa lysate. (A) Base peak electropherograms (BPEs, 

700-1600 m/z) for three replicate runs for each sample type; (B) Mass distribution of detected proteoforms. PCA plots (C) before and (D) 

after unsupervised K-means clustering. (E) Selected proteoform examples uniquely detected in each sample type. 
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proteoforms is shown in Figure 4B. Principal component analysis was performed on the intact HeLa and 

OVCAR-8 cells as well as bulk HeLa lysate. The PCA plot (e.g., before clustering) displays the three 

sample types together as expected. (Figure 4C). We further conducted k-means clustering analysis to 

investigate the separation of distinct group patterns among these samples (Figure 4D). K-means clustering 

is an unsupervised statistical learning technique to partition observations into clusters47-49. Using the 

technique, we successfully partitioned the 22 sample cells into three clusters. Figure 4D depicts clusters 

of cells using different symbols and colors. The larger symbols represent centroids, which are the center 

of the clusters. The small symbols with the same color belonged to the same cluster. The k-means 

technique well separated the HeLa bulk cell lysate into one distinct cluster (indicated by the red circles). 

The HeLa cells well formed a second cluster (shown as blue squares). A third cluster emerged for 

OVCAR-8 cells, shown in green triangles. A few OVCAR-8 cell datasets were closely situated to the 

HeLa cluster and thus were grouped with the HeLa cluster. The overlap in cell clustering is not unexpected 

cancerous cells may exemplify high levels of phenotypic similarity. Improving the clustering performance 

can be achieved by increasing the number of sampling points and implementing data preprocessing 

techniques such as handling missing values. Overall, our proof-of-principle experiments demonstrated 

that the top-down spray-capillary based CE-MS platform can distinguish the cell type and the lysis method 

for the same type of cell. This also demonstrates the potential of the top-down spray-capillary CE-MS 

platform for the analysis of single mammalian cells. With the implementation of well-developed cell 

sorting techniques (e.g., FACS or CellenONE®), we expect that we can perform “true” single-cell 

proteomics using this platform.  

Using our spray-capillary-based CE-MS platform, we demonstrated a sensitive top-down 

proteomics analysis of mass limited samples of intact E. coli lysate and small numbers of human cells. 

We evaluated the spray-capillary parameters including PEI coating and capillary ID for separation 

performance using intact protein lysate. Notably, this platform detected 233 unique mass features from 

only 50 pg E. coli cell lysate samples, indicating that this platform can reach sub-cellular sensitivity. 

Furthermore, we analyzed HeLa and OVCAR-8 cells using a droplet-based sample preparation method 
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and more than 700 mass features were detected for both cell lines. Our spray-capillary-based CE-MS 

platform performed ultrasensitive top-down analysis and established the foundation for single-cell top-

down proteomics using CE-MS.  

In our proof-of-principle experiments, we used a large ID PEI-coated spray capillary due to manual 

handling under microscope and limitations in dispensing ultralow volumes (e.g., <20 nl). New nanodroplet 

dispensing instruments, such as CellenONE® and Tecan UNO, can facilitate better control of much 

smaller nanodroplets, which can be incorporated with smaller ID (e.g., 20 µm) spray-capillary CE-MS 

analysis for improved sensitivity. The capillary coating can be further optimized for separation by altering 

the chemistry of the inner capillary walls 46. Different types of coating material such as the neutral coating 

LPA can be applied to the spray-capillary device to eliminate EOF for longer separation window and 

higher resolution so more proteoforms can be characterized in single cell samples50. Other potential 

coatings such as PVA and PS1 have also been applied for CE-MS-based proteomics and could potentially 

be implemented with the spray-capillary device51, 52. The background electrolyte can also be optimized by 

adding organic or changing the pH53, 54. Furthermore, the number of identified proteoforms was relatively 

low due to the limited number of ions that could be collected in the ion trap within the maximum injection 

time. Previously, for bottom-up proteomics on mass limited samples, TMT labeling has been implemented 

for multiplexed analysis and higher injection masses. Our lab has recently developed a method for intact 

protein TMT labeling of complex samples55, 56. Optimization of this intact protein TMT labeling platform 

for single cell analysis for multiplexed top-down proteomics would increase the injected mass and improve 

proteoform identification. Additionally, multidimensional separations have led to improved proteoform 

identification in top-down proteomics57-59. Coupling nanoLC with the spray-capillary CE-MS may also 

improve proteoform identification of limited mass samples and single cells.  

Overall, we believe that our spray-capillary-based CE-MS platform is capable of ultrasensitive top-

down proteomic study and has the potential for single-cell or other mass-limited sample analysis.  
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