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ABSTRACT: In the rapidly evolving field of nanomedicine,
understanding the interactions between nanoparticles (NPs) and
biological systems is crucial. A pivotal aspect of these interactions
is the formation of a protein corona when NPs are exposed to
biological fluids (e.g., human plasma), which significantly
influences their behavior and functionality. This study introduces
an advanced capillary isoelectric focusing tandem mass spectrom-
etry (cIEF-MS/MS) platform designed to enable high-throughput
and reproducible top-down proteomic analysis of protein corona.
Our cIEF-MS/MS technique completed each analysis within 30
min. It produced reproducible proteoform measurements of
protein corona for at least 50 runs regarding the proteoforms’
migration time [relative standard deviations (RSDs) <4%], the
proteoforms’ intensity (Pearson’s correlation coefficients between any two runs >0.90), the number of proteoform identifications
(71 ± 10), and the number of proteoform-spectrum matches (PrSMs) (196 ± 30). Of the 53 identified genes, 33 are potential
biomarkers of various diseases (e.g., cancer, cardiovascular disease, and Alzheimer’s disease). We identified 1−102 proteoforms per
potential protein biomarker, containing various sequence variations or post-translational modifications. Delineating proteoforms in
protein corona by our cIEF-MS/MS in a reproducible and high-throughput fashion will benefit our understanding of
nanobiointeractions and advance both diagnostic and therapeutic nanomedicine technologies.
KEYWORDS: top-down proteomics, protein corona, cIEF-MS/MS, proteoform, nanomedicine

■ INTRODUCTION
In the past decade, extensive research has been conducted in the
field of nanomedicine to achieve safer designs and more efficient
therapeutic and diagnostic outcomes.1,2 To accomplish this, a
deep understanding of the protein corona (a layer of
biomolecules that adheres to the surfaces of nanoparticles
(NPs) upon their interaction with biological fluids3−7) is
essential. Comprehensive understanding of protein corona
composition can substantially improve the capability of
nanomedicine community to predict the way NPs interact
with biosystems which in turn enables them to design safer and
more efficient nanomedicines for both therapeutic and
diagnostic (e.g., discovering novel protein biomarkers of
diseases from human plasma) purposes.8−11

Mass spectrometry (MS)-based bottom-up proteomics
(BUP) has been widely utilized to study the protein corona
and generated rich information on the gene products and
protein post-translational modifications (PTMs) in the protein
corona.12−14 However, the BUP approach cannot provide
information about the exact forms of protein molecules
(“proteoforms”) in the protein corona due to the enzymatic
digestion step. Proteoforms from the same gene can have

divergent biological functions,15,16 and proteoforms in protein
corona can significantly influence NP−cell interactions.17,18

Therefore, it is crucial to characterize the protein corona in a
proteoform-specific manner.
MS-based top-down proteomics (TDP) is ideal for proteo-

form identification and quantification and has been widely used
to study proteoform functions and discover proteoform
biomarkers of diseases.19−22 We recently presented the first
example of MS-based TDP for measuring the proteoforms in
protein coronas by capillary zone electrophoresis (CZE)-MS.23

We also showed the advantages of capillary isoelectric focusing
(cIEF)-MS for TDP of protein corona regarding the improved
separation resolution and detection of large proteoforms
compared to CZE-MS.24 Our previous CE-MS studies of
protein corona required at least 1 h per run and did not provide
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long-term reproducibility investigations of CE-MS for TDP of
protein coronas.
To establish a high-throughput, robust, and reproducible

workflow for the broad application of MS-based top-down
proteomics in protein corona analysis (aimed at advancing
nanomedicine and discovering novel proteoform biomarkers of
diseases), here we aim to develop an improved cIEF-MS/MS
platform that enhances analysis throughput for top-down
proteomic analysis of NP protein coronas with excellent
reproducibility.

■ EXPERIMENTAL WORKFLOW
Chemicals and Materials. The following materials were

purchased from Sigma-Aldrich (St. Louis, MO): ammonium
bicarbonate (ABC), 3-(trimethoxysilyl) propyl methacrylate (γ-
MAPS), dithiothreitol (DTT), ammonia hydroxide (NH3H2O),
ammonium acetate (NH4Ac), ammonium persulfate (APS),
Pharmalytes with pI ranges of 3−10, 5−8 and 8−10.5 (GE
Healthcare). HPLC-grade acetic acid (AA), MS-grade water,
methanol (MeOH), formic acid (FA), Amicon Ultra (0.5 mL,
10 kDa cutoff size) centrifugal filter units, and fused silica
capillaries (50 μm i.d./360 μm o.d., Polymicro Technologies)
were purchased from Fisher Scientific (Pittsburgh, PA).
Acrylamide was purchased from Acros Organics (Fair Lawn,
NJ). A healthy human plasma sample was purchased from
Innovative Research (www.innov-research.com) and diluted to
55% using phosphate buffer solution (PBS, 1X). Polystyrene
NPs (PSNPs, ∼100 nm) were obtained from Polysciences
(www.polysciences.com).
Sample Preparation and Characterization. The sample

preparation procedure for protein coronas is the same as for
ref.23,25 Briefly, PSNPs were mixed with 55% human plasma.
This mixture was stirred constantly for 1 h at a temperature of 37
°C to allow the formation of a protein corona. After an hour, the
protein−NP complexes were separated by centrifugation at
14 000g for 20 min to remove unbound proteins. The resulting
pellet was then washed twice with cold PBS.
Dynamic light scattering (DLS) analysis was performed to

measure the size distribution of PSNPs before and after protein
corona formation. The measurements were conducted at room
temperature using a Zetasizer Nano Series DLS instrument
(Malvern Instruments) equipped with a helium−neon laser at a
wavelength of 632 nm.
For the collected protein corona coated PSNPS, the proteins

were extracted from the NP surface by incubating the pellet in a
0.4% SDS solution with agitation for 1.5 h at 60 °C, and the
extracted protein corona-containing supernatant was separated
by centrifugation. An Amicon Ultra centrifugal filter with a 10
kDamolecular weight cutoff was used to exchange the buffer and
remove the SDS. Finally, the protein corona sample in 100 mM
ammonium bicarbonate (NH4HCO3) was measured using a
BCA assay to determine the protein concentration, and it was
adjusted to 1.5 mg/mL for MS analysis.
cIEF-MS/MS Analysis. An automated cIEF-MS/MS system

was built by combining a CESI 8000 Plus CE system (Beckman
Coulter) with an Orbitrap Exploris 480 mass spectrometer
(Thermo Fisher Scientific) using an in-house electrokinetically
pumped sheath-flow CE-MS nanospray interface.26 The cIEF
separation was carried out using an 80 cm long linear
polyacrylamide (LPA)-coated capillary (50 μm i.d./360 μm
o.d.).27,28 The LPA coating was made according to refs 27 and
28. One end of the separation capillary was etched using
hydrofluoric acid to reduce its outer diameter to approximately

100 μm.29 The interface featured a glass spray emitter with an
orifice size of 30−35 μm, filled with a sheath buffer composed of
0.2% (v/v) formic acid and 10% (v/v) methanol. The spray
voltage was set to 2 kV, and the capillary outlet to emitter orifice
distance was maintained at approximately 0.5 mm. The distance
between the emitter orifice and the MS inlet was about 2 mm.
The automated cIEF-MS system was based on the “sandwich”

injection approach.30−32 The injection sequence involved three
steps: first, a 6 cm catholyte plug was injected at 10 psi for 8 s
containing 0.3% NH4OH, followed by a 20 cm mixture of
sample and ampholyte plug containing 0.6% ampholytes (3−10,
5−8, and 8−10.5, GE Healthcare), injected at 10 psi for 27 s.
Approximately 600 ng of corona proteins (1.5 mg/mL, injection
volume of 400 nL) were loaded into the capillary, and finally, a
50 cm anolyte plug was injected at 10 psi for 67 s containing 5%
acetic acid. This combination provided efficient focusing and
mobilization of the protein corona samples under a separation
voltage of 30 kV.
The Orbitrap Exploris 480 mass spectrometer was used to

analyze the proteoforms separated by cIEF in data-dependent
acquisition (DDA) mode. Two approaches were used for data
acquisition to detect both small and large (>30 kDa)
proteoforms. For small proteoforms (<30 kDa), we employed
a “high-resolution MS1 and high-resolutionMS/MS” mode, i.e.,
“High−High” mode. The detailed parameters for the “High−
High” mode include MS1 resolution 480,000 at m/z 200 with a
single microscan across a m/z range of 700−3000. Maximum
ion injection time was set to 50 ms for MS and 100 ms for MS/
MS. Normalized AGC target 300%, Ions with an intensity of
over 1E4 and charge states varying from 5 to 60 were isolated
with a 2 m/z window, followed by fragmentation through
higher-energy collision dissociation (HCD) at 25% normalized
collision energy (NCE). Dynamic exclusion was enabled with a
duration of 30 s and a mass tolerance of 10 ppm, and isotope
exclusion was activated. The fragment ions were detected with a
resolution of 120 000 at m/z 200 and normalized AGC 100%.
For large proteoforms (>30 kDa), a “low-resolution MS1 and
high-resolution MS/MS” mode, i.e., “Low−High” mode, was
employed. MS1 resolution of 7,500 at m/z 200 was used. The
microscan setting is 3. The other parameters are the same as the
“High−High” mode.
Data Analysis. Data processing was conducted using the

TopPIC software developed by Liu’s group to identify and
quantify proteoforms in the “High−High” mode.33 For the
“Low−High” mode, the UniDec software facilitated mass
deconvolution,34 determining the average masses of larger
proteoforms. The cIEF-MS/MS data analysis began with
converting RAW files to the mzML format using MSconvert.
The converted data was then processed using TopFD (version
1.7.0) software35 to convert isotope clusters into monoisotopic
masses and identifiable proteoform features, with the results
stored in msalign and text files. The deconvoluted mass spectra
and proteoform features were then searched against a home-
built protein database of approximately 1,000 sequences using
TopPIC software (version 1.7.0), which included proteins
previously identified in bottom-up proteomics (BUP) data.
TopPIC was configured to accommodate a single unexpected
mass shift per proteoform with a maximum shift of 500 Da and
maintained a mass error tolerance of 50 ppm for both precursor
and fragment ions. A target-decoy approach was used to estimate
and control the false discovery rate (FDR), setting it at 1% at the
proteoform-spectrum match (PrSM) level and 5% at the
proteoform level. Finally, the identified proteoforms were
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quantified using TopDiff software to enable label-free
quantification across technical replicates. The quantification
aggregated the intensities of each proteoform’s peaks across all
scans and charge states.36 The raw mass spectrometry data files
were processed using an Xcalibur Qual Browser (Thermo Fisher
Scientific) to extract proteoform intensity values and migration
time information. Base peak chromatograms and extracted ion
chromatograms were generated to visualize the separation
profiles. The electropherograms are graphically refined using
Adobe Illustrator for figure preparation.

■ RESULTS AND DISCUSSION
We developed a high-throughput automated cIEF-MS/MS
technique that took 30 min or less per run and applied it to the
TDP of NP protein coronas (Figure 1). The protein corona

sample was prepared according to our previous procedure.29

Briefly, proteoforms in the protein corona of PSNPs were eluted
using a 0.4% SDS buffer and cleaned up by buffer exchange,
followed by cIEF-MS/MS, Figure 1A. DLS analysis revealed
protein corona formation at the surface of PSNPs, evidenced by
increasing the size of corona-coated NPs, Figure 1B. The
advanced cIEF-MS/MS technique for high-throughput TDP
analysis of protein coronas was carried out by employing a short
separation capillary for cIEF-MS with a commercial CE system,
Figure 1C. An 80 cm long LPA-coated capillary was used, and
the effective capillary length for cIEF separation was shorter than
30 cm because we used a “sandwich” injection approach,
injecting a plug of catholyte (0.3% NH4OH, pH ∼ 11), a plug of

the sample with ampholyte in 100 mM NH4HCO3, and a long
plug of anolyte (5% acetic acid, pH 2.4). We determined the
optimal conditions as a 6 cm plug of catholyte, a 20 cm sample
plug containing 0.6% ampholytes (pI 3−10, 5−8, and 8−10.5
with ratios 1:1:1), and a 50 cm plug of anolyte using a standard
protein mixture (data not shown). Because of the short effective
capillary length for cIEF (≤30 cm), the analysis could be carried
out in a high-throughput fashion. Also, because the total
capillary length was 80 cm, a regular commercial CE system
could be used, allowing the technique to be easily adopted by
other researchers.
Reproducibility of High-Throughput cIEF-MS/MS-

Based TDP for Protein Corona. We analyzed the protein
corona sample of PSNPs using the optimal high-throughput
cIEF-MS/MS technique for 50 runs, Figure 2. The 50 runs were

performed on the same corona sample to evaluate the technical
reproducibility of our cIEF-MS/MSmethod. Each cIEF-MS run
took less than 30 min, producing a 2- to 6-fold improvement in
analysis throughput compared to the previous cIEF-MS/MS-
based TDP studies of complex samples.24,26,30,37,38 We
performed 25 runs in the “High−High” mode and 25 runs in
the “Low−High” mode to evaluate the technique for both small
and large proteoform measurements.
The cIEF-MS/MS technique produced reproducible separa-

tion, detection, and identification of proteoforms. The electro-
pherograms in Figure 2A,B show consistent separation profiles
of proteoforms in both “High−High” and “Low−High” modes.
In the “High−High” mode, a normalized level (NL) of 4.0 ± 0.8
E10 (n = 25) was obtained for the total ion current (TIC)
electropherograms, corresponding to a relative standard
deviation (RSD) of 20%. In the “Low−High” mode, the NL
was 8.2 ± 0.8E09, corresponding to an RSD of about 10%. The
numbers of proteoform and proteoform-spectrum match
(PrSM) identifications are also consistent across the “High−
High” runs, with 71 ± 10 (n = 25) proteoforms and 196 ± 30 (n

Figure 1. Schematic workflow of TDP of protein coronas using the
advanced cIEF-MS/MS technique. (A) Brief workflow of preparing the
protein corona sample for TDP after incubating the PSNPs with a
human plasma sample to form the protein corona on the surface of
PSNPs. (B) DLS analysis of bare PSNPs (uncoated) and protein
corona coatedNPs (protein corona). (C) Schematic design of the high-
throughput cIEF-MS/MS for protein corona analysis.

Figure 2.Total ion current (TIC) electropherograms of protein corona
proteoforms as determined by CIEF-MS/MS in “High−High (HH)”
and “Low−High (LH)” modes. Six selected electropherograms from
runs #4, #8, #14, #16, #20, and #23 in HH and LH modes are shown.
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= 25) PrSMs. Importantly, the new cIEF-MS/MS technique
produced a similar number of proteoform identifications to our
previous cIEF-MS/MS technique for the same protein corona
sample24 (∼70 vs ∼60) but with a 2-fold improvement in
analysis throughput (30 vs 60 min). In the “Low−High” runs,
three large proteins (28, 51, and 66 kDa) with multiple
proteoforms per protein were consistently detected, Figure S1 in
Supporting Information. Those three proteins correspond to
human serum albumin (HSA, 66 kDa), apolipoprotein A-I
(APOA1, 28 kDa), and an unknown protein (51 kDa). The data
agreed reasonably with our previous results.24,25 We randomly
selected seven proteoforms from seven genes and determined
their migration times across the 25 “High−High” runs from the
database search results to further evaluate the separation
reproducibility, Table 1. The RSDs of the migration time of

those proteoforms are less than 4% across 25 cIEF-MS/MS runs,
indicating excellent reproducibility of the technique for
proteoform separation. To validate the consistency of the
high-throughput cIEF-MS/MS methodology for protein corona
analysis regarding proteoform intensity, we randomly chose six
cIEF-MS/MS runs (“High−High”) and plotted the intensity of
overlapped proteoforms between any two runs, Figure 3A. The
proteoform intensity showed strong linear correlations between
runs, evidenced by the high Pearson’s correlation coefficient (r)
of 0.92 ± 0.06, underscoring the quantitative reproducibility of
the TDP technique for protein corona analysis. Figure 3B shows
the mass distribution of identified proteoforms from all of the
“High−High” runs. The mass of identified proteoforms ranged
from ∼2 kDa to ∼30 kDa, and the majority of them were ∼10
kDa or smaller. The identified proteoforms from each “High−
High” run are listed in the Supporting Information xlsx file. We
must point out that if we include the large proteoforms detected
in “Low−High” mode, the mass range of identified proteoforms
will be extended to 2−66 kDa.
Protein Biomarkers Identified by cIEF-MS/MS Analysis

of Protein Corona. Our TDP analysis of the protein corona
identified 53 genes, and the number of detected proteoforms per
gene ranged from 1 to 102, Table 2. 33 out of the 53 genes are
biomarkers, and they span various protein families and
functional classes, including but not limited to apolipoproteins,
complement proteins, immunoglobulins, and cytoskeletal
proteins. Many of these proteins are associated with diverse
diseases and pathological states, underscoring their potential
utility as diagnostic or prognostic biomarkers.39−43 Particularly
noteworthy is the prominence of the apolipoprotein family
within the data set, which includes APOA1, APOA2, APOA4,
APOB, APOC2, APOC3, APOE, and APOF. These proteins
play critical roles in lipid metabolism and are strongly linked to

cardiometabolic disorders such as dyslipidemia, metabolic
syndrome, atherosclerosis, and cardiovascular diseases.44−46

This connection provides a significant opportunity for further
research into their pathobiological mechanisms and applications
in clinical diagnostics.47−49 Multiple proteoforms were identi-
fied for most of the apolipoprotein family members. For
example, we identified 102 proteoforms of the APOA1 gene.
Nearly 90% are N-terminally truncated, and only several
proteoforms have C-terminal truncations. About 85% of
proteoforms carry mass shifts due to sequence variations or
modifications. Four APOA1 proteoforms are shown in Figure 4.
Those proteoforms carry variations due to signal peptide
cleavages, truncations, and PTMs. Proteoform 1 has an N-
terminal cleavage of the first 26 amino acid residues, most likely
corresponding to signal peptide cleavage. Proteoform 1 also
contains a mass shift of +288.535 Da in the highlighted region.
Based on the PTM information in the dbPTM database
(https://awi.cuhk.edu.cn/dbPTM/),50 three lysine residues in
the highlighted region can be acetylated, corresponding to a
+126 Da mass shift. The +288.535 Da value may correspond to
the combination of acetylation and other PTMs. For proteoform
2, the first 70 amino acid residues were truncated, and it carries a
mass shift of +340.875 Da. Proteoform 3 shows a truncation of

Table 1. Summary of Migration Times of Seven Selected
Proteoforms from Seven Proteins across 25 “High−High”
Runs

protein

migration
time

(mean, s)

standard
deviation
(SD, s)

relative standard
deviation (RSD, %)

Apolipoprotein E 899.81 19.8 2.2
Apolipoprotein A-II 881.8 22.0 2.5
Apolipoprotein C-II 1008.6 34.4 3.4
Apolipoprotein A-I 949.8 22.2 2.3
Fibrinogen α chain 806.0 19.3 2.4
Apolipoprotein C-III 1589.3 62.4 3.9
Clusterin 824.1 24.4 3.0

Figure 3. (A) Intensity correlations of overlapped proteoforms
between any two cIEF-MS/MS runs. Six runs were randomly selected
for this analysis. Proteoform intensities were log 2 transformed for the
plot, and Pearson’s correlation coefficient (r) values were labeled. (B)
Mass distribution of the identified proteoforms from 25 cIEF-MS/MS
runs (High−High).
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Table 2. Summary of the Identified Genes and Corresponding Number of Proteoforms from the cIEF-MS/MS-Based TDP
Analysis of Nanoparticle Protein Coronas

gene name no. of proteoforms protein description biomarker

ACTB 1 Actin beta cancer, neurological disorders, and cardiovascular diseases.
ACTG2 (F8WCH0) 1 Actin gamma 2, smooth muscle
ALB 1 Albumin cardiovascular diseases, liver function, inflammation, and

malnutrition.
SERPINA1 (A1AT) 9 Alpha-1-antitrypsin lung diseases, such as chronic obstructive pulmonary disease

(COPD) and emphysema.
SERPINA1 (G3V387) 1 Alpha-1-antitrypsin (fragment)
SERPINA2 (A1ATR) 1 Alpha-1-antitrypsin-related protein
APOA1 102 Apolipoprotein A-I cardiovascular diseases, diabetes, and certain types of cancer
APOA2 24 Apolipoprotein A-II cardiometabolic conditions such as dyslipidemia, metabolic

syndrome, and atherosclerosis.
APOA2 (V9GYM3) 7 Apolipoprotein A-II
APOA2 (V9GYS1) 20 Apolipoprotein A-II
APOA2 (V9GYC1) 1 Apolipoprotein A-II (fragment)
APOA4 8 Apolipoprotein A-IV cardiometabolic conditions such as dyslipidemia, metabolic

syndrome, and atherosclerosis.
APOB 14 Apolipoprotein B-100 cardiovascular diseases, such as atherosclerosis and heart

disease.
APOC2 30 Apolipoprotein C-II cardiometabolic conditions such as dyslipidemia, metabolic

syndrome, and atherosclerosis.
APOC2 (V9GYJ8) 14 Apolipoprotein C-II
APOC2 (Q6P163) 2 Apolipoprotein C-II
APOC3 43 Apolipoprotein C-III cardiovascular diseases and metabolic disorders, such as

hypertriglyceridemia
APOC3 (BOYIW2) 4 Apolipoprotein C-III
APOC3 (C9J2Q0) 3 Apolipoprotein C-III (fragment)
APOE 14 Apolipoprotein E Alzheimer’s disease and other neurodegenerative disorders.
APOF 1 Apolipoprotein F cardiometabolic conditions such as dyslipidemia, metabolic

syndrome, and atherosclerosis.
APOL1 1 Apolipoprotein L1 kidney disease, especially in high-risk populations.
SERPINC1 (ANT3) 1 Apolipoprotein L1
ABCB9 1 ATP binding cassette subfamily B member 9

(fragment)
Parkinson’s disease and Alzheimer’s disease.

CPN2 1 Carboxypeptidase N subunit 2 sepsis and acute pancreatitis.
CLU 3 Clusterin neurodegenerative disorders, cancer, and kidney disease.
C1R 1 Complement C1r (fragment) may have potential for the systemic lupus erythematosus and

rheumatoid arthritis
C1RL 1 Complement C1r subcomponent like (fragment) may have potential for inflammatory and autoimmune

disorders, such as systemic lupus erythematosus and
rheumatoid arthritis

C3 15 Complement C3 inflammatory and autoimmune diseases, such as rheumatoid
arthritis and systemic lupus erythematosus.

C9 1 Complement C9 inflammatory and autoimmune diseases, such as systemic
lupus erythematosus and rheumatoid arthritis.

FETUB 1 Fetuin B (Fragment) may have potential for metabolic disorders, such as chronic
kidney disease and nonalcoholic fatty liver disease
(NAFLD)

FGA 7 Fibrinogen alpha chain cardiovascular diseases, thrombosis, and inflammation.
FGB 7 Fibrinogen beta chain
FGG 5 Fibrinogen gamma chain
GSN 1 Gelsolin Alzheimer’s disease, amyloidosis, and critical illness
PLG 1 HCG2029799, isoform CRA_d
IGLV2-8 1 Immunoglobulin lambda variable 2−8
IGLL5 1 Immunoglobulin lambda-like polypeptide 5 hematological cancers.
ITIH1 4 Interalpha-trypsin inhibitor heavy chain cancer, liver disease, and inflammatory conditions
ITIH4 3 Interalpha-trypsin inhibitor heavy chain H4
KRT1 1 Keratin, type II cytoskeletal 1 epithelial cancers, such as lung, breast, and prostate cancer.
KRT71 1 Keratin, type II cytoskeletal 71
KRT74 1 Keratin, type II cytoskeletal 74
DEFA1 1 Neutrophil defensin 1 infection severity such as acute respiratory distress syndrome

(ARDS) and sepsis.
RAB15 1 RAB15, member RAS oncogene family certain cancers, such as lung, pancreatic, and colorectal cancer.
RAP1B 1 RAP1B, member of RAS oncogene family

(fragment)
may have potential for certain cancers, such as lung,
pancreatic, and colorectal cancer.

Journal of the American Society for Mass Spectrometry pubs.acs.org/jasms Article

https://doi.org/10.1021/jasms.4c00463
J. Am. Soc. Mass Spectrom. 2025, 36, 778−786

782

pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.4c00463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the first 127 amino acid residues at the N-terminus. This
proteoform also contains an unknown mass shift of +59.054 Da
in the highlighted region. The exact nature of this modification is
required for further investigation. Proteoform 4 exhibits an N-
terminal removal of the first 24 amino acid residues due to signal
peptide cleavage and a C-terminal truncation. This proteoform
also contains an unknown mass shift of +143.988 Da in the
highlighted region. Additionally, the data set identifies
biomarkers pertinent to inflammatory and autoimmune
diseases, including complement proteins (C3, C9),51−53 serum
amyloid A proteins (SAA1), and serpins (SERPINA1,
SERPINC1).51,54 The catalog also highlights biomarkers
associated with neurodegenerative conditions such as Alz-
heimer’s disease (APOE, CLU)55,56 and Parkinson’s disease
(ABCB9),57 as well as proteins involved in cancer progression
and metastasis, such as ACTB, KRT1, and RAB15.58−61 These
findings demonstrate that TDP studies of protein coronas from
large cohorts of plasma samples with various diseases using our
high-throughput cIEF-MS/MS technique could discover novel
proteoform biomarkers of diseases, facilitating disease early
diagnosis and drug development.

■ CONCLUSIONS
A high-throughput cIEF-MS/MS technique was developed to
profile the proteoform composition of protein coronas with
excellent qualitative and quantitative reproducibility across 50
runs. The number of proteoform identifications per cIEF-MS/
MS run for protein coronas is comparable with our previous
cIEF-MS/MS data24,25 but with a 2-fold improvement in
analysis throughput (30 min per run vs 60 min per run). Our
advanced cIEF-MS/MS technique is ready for quantitative TDP
analysis of large cohorts of human plasma samples using the
protein corona approach to discover novel proteoform
biomarkers of various diseases.
We also must note that the number of proteoform

identifications from our high-throughput cIEF-MS/MS is
lower than that produced by CZE-MS/MS23 for the same
protein corona sample (∼70 vs ∼100), although cIEF-MS/MS
has a 2-fold higher analysis throughput than CZE-MS/MS (30
vs 60 min per run). The reason is mainly due to the significant
ionization suppression of proteoforms from high-concentration
ampholytes in cIEF-MS/MS. We expect that integrating FAIMS
(high field asymmetric waveform ion mobility spectrometry)62

with our fast cIEF-MS/MS may be useful to advance the
technique further toward better proteoform coverage of the
protein corona samples because FAIMS can potentially separate
ampholytes from proteoforms in the gas phase due to their
substantial difference in size.

■ ASSOCIATED CONTENT
Data Availability Statement
The MS RAW files about TDP measurement were deposited to
the ProteomeXchange Consortium via PRIDE, with the data set
identifier PXD052764.63
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Table 2. continued

gene name no. of proteoforms protein description biomarker

SELENOP 1 Selenoprotein P (fragment) may have potential for various conditions, including oxidative
stress, inflammation, and metabolic disorders.

SAA1 (E9PQD6) 6 Serum amyloid A protein May have potential for various inflammatory conditions and
neoplastic disorders, such as rheumatoid arthritis, Crohn’s
disease, and certain types of cancer.

SAA1 14 Serum amyloid A-1 protein various inflammatory conditions, such as rheumatoid arthritis,
Crohn’s disease, and certain types of cancer.

SHBG 1 Sex hormone binding globulin
TTR 7 Transthyretin amyloidosis, a group of diseases characterized by the

accumulation of abnormal proteins in tissues.
TTR (A0A087WT59) 2 Transthyretin
TUBA1C 1 Tubulin alpha chain cancer, neurodegenerative disorders, and certain types of

ciliopathies.

Figure 4. Sequences and fragmentation patterns of four distinct
proteoforms of apolipoprotein A-I (APOA1) identified using cIEF-
MS/MS-based TDP in “High−High” mode.
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