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ABSTRACT

Introduction: The investigation of different proteoforms in clinical samples is a promising approach to
elucidate the molecular mechanisms of diseases. Furthermore, proteoform analysis holds great poten-
tial for identifying disease-specific biomarkers and targets for personalized medicine. Despite advances
in top-down proteomics (TDP) instrumentation, sample preparation and cleanup remain challenging.
Work in this area has focused on developing rapid, cost-effective, and less-labor-intensive protocols
aimed at minimizing the introduction of artefactual modifications to endogenous proteoforms or bias
in proteoform recovery during sample processing.

Area covered: To inform the selection of sample processing approaches in clinical TDP, this review
summarizes state-of-the-art targeted (i.e. affinity and non-affinity-based enrichment) and untargeted
(i.e. gel-based fractionation) sample preparation protocols. In addition, currently available offline and
online sample cleanup procedures (e.g. dialysis, solid-phase extraction, filter-aided sample preparation,
precipitation, and solid-phase protein preparation) are reviewed, highlighting their effectiveness for
desalting and/or detergent removal.

Expert opinion: TDP demonstrates great potential in the clinical setting due to its ability to capture
disease-specific proteoforms commonly overlooked in traditional diagnostic assays. The establishment
of standardized guidelines for reproducible clinical TDP workflows is essential to leverage advances in
sample preparation techniques and analytical instrumentation to facilitate wider adoption of TDP for
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clinical applications.

1. Introduction

Analysis of clinical samples ranging from tissue biopsy to body
fluids have identified biomarkers associated with disease pro-
gression, a number of which have been FDA-approved for
clinical practice [1-3]. Examples include carcinoembryonic
antigen, alpha-fetoprotein for testicular cancer, and breast
cancer susceptibility gene 1 in breast cancer, identified via
immunological assays [4]. For protein biomarker identification
in particular, aptamer- and antibody-based arrays have been
commercialized as the Somalogic and Olink platforms,
enabling high-throughput, targeted protein identification
and quantification. These platforms rely on the specificity of
aptamer or antibody interaction with a target protein epitope.
However, the potential for protein cross-reactivity and inability
of the assays to distinguish between protein structural variants
have raised questions regarding their reproducibility and sen-
sitivity for clinical practice [5,6].

The ability to distinguish between different protein forms,
or proteoforms, is important in a clinical context, since these
may be more closely associated with differences in disease
phenotype than generic protein families. Proteoforms arise
from different combinations of structural modifications at the
nucleic acid level, such as genetic mutation of the protein-
coding gene or alternative mRNA splicing, as well as from co-
or post-translational modifications (PTMs) at the amino acid
level. Different proteoforms, even if corresponding to the

same protein family, may exhibit structural differences that
are in turn associated with different functional roles in disease
mechanism [7-10]. The clinical relevance of proteoform-level
analysis is supported by studies indicating that different pro-
teoforms of the same canonical sequence exhibit different
disease-associated patterns, as detailed below.

As with aptamer- and antibody-based approaches, mass
spectrometry (MS) supports high-throughput protein analysis,
yet offers the distinct advantage of increased measurement
specificity. Importantly, MS allows for distinguishing subtle
differences between proteoforms based on multiple dimen-
sions of measurement, namely the mass-to-charge ratio (m/z)
of the proteoform ion and its associated fragment ions and
retention time, if chromatography is employed [10,11]. To
facilitate MS - based biomarker discovery, repositories result-
ing from the human plasma proteome project (https://www.
hupo.org/plasma-proteome-project) and the human proteo-
form project (https://proteomics.northwestern.edu/services/
human-proteoform-project/) have been made publicly avail-
able and updated with information regarding variation in
protein structure [12,13].

MS-based approaches for protein characterization include
bottom-up (BUP) and top-down (TDP) proteomics [11]. BUP
relies on the chemical or enzymatic cleavage of proteoforms
into smaller peptides prior to MS analysis. Due to the relative
ease of peptide analysis in terms of separation, ionization and
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Article highlights

o Proteoform characterization via TDP is expected to support more
selective and specific biomarker discovery.

e Advances in fractionation and cleanup techniques have made it
possible to routinely characterize 0-30 kDa proteoforms in clinical
samples, though choice of technique may introduce bias in identified
proteoforms, and approaches optimized for higher molecular weight
proteoforms remain under development.

o A number of different sample preparation and cleanup approaches
have been applied in recent clinical TDP studies for diagnostic and
prognostic biomarker identification from samples such as blood,
urine, and tissue biopsies.

e Large cohort application of clinical TDP is still limited by the lack of
standardized sample preparation and analysis workflows.

gas-phase manipulation, BUP is more widely used but is inher-
ently limited in its ability to unambiguously infer proteoforms
from peptide fragments [14,15]. Alternatively, TDP analyzes
intact proteoforms without digestion, utilizing both accurate
intact mass analysis and tandem mass spectrometry (MS") to
allow for accurate proteoform identification [16,17]. TDP
remained difficult to implement until the introduction of soft
ionization techniques, matrix-assisted laser desorption/ioniza-
tion (MALDI) and electrospray ionization (ESI) [18-20]. The
higher protein charge states yielded by ESI are ideal for TDP,
enabling intact protein analysis within the upper m/z limit of
many high-resolution mass analyzers. However, as protein
molecular weight (Mw) increases, signal dilution across multi-
ple charge states and isotopologues becomes more pro-
nounced, lowering signal-to-noise ratio (S/N) and limiting
large-scale TDP analysis to proteins <30 kDa [21]. As such,
current clinical applications of TDP have focused on the ana-
lysis of proteoforms in the 0-30 kDa range.

After providing an overview of top-down application to
clinical proteomics, this review first summarizes strategies for
sample preparation. Next, building on earlier guidelines [22],
a discussion of clinical sample cleanup techniques for top-
down workflows is presented, followed by a summary of
practical considerations.

2. Top-down application in clinical proteomics

The case for applying TDP approaches to clinical studies,
despite the analytical challenges, is based on the idea that
knowledge of proteoforms, not simply protein identity, is
relevant for understanding and monitoring disease progres-
sion. For example, for cardiovascular diseases (CVD), Sinari
et al. reported the association of the plasma-enriched apoli-
poprotein ClIl (apoC lll, 8.8 kDa) proteoforms, truncated (Cllly,),
non-glycosylated (Clllg,), O-glycosylated without sialic acid
(Cllly), and O-glycosylated with sialic acid (Clll,) with disease
demographic and clinical risk factors, highlighting the inverse
association of Clllg,/Clll; with CVD [9]. Wilkins et al. analyzed
15 apolipoprotein A-l (apoA-l, 28 kDa) and 9 apolipoprotein
A-ll (apoA-ll, 17 kDa) proteoforms enriched from serum,
reporting that unmodified apoA-l is positively associated
with obesity, while the glycated form is positively associated
with diabetes mellitus. On the other hand, the truncated and

dimerized proteoforms of apoA-ll were inversely associated
with obesity [23]. Furthermore, the analysis of plasma samples
of the three stages of liver cirrhosis identified more than 2800
proteoforms in total, with 209 proteoforms having discrimina-
tory power, including 11 apoA-lI proteoforms differentially
expressed between stage lll and stage | [24]. In an analysis of
urine samples, Moran et al. characterized different proteo-
forms of prostate-specific antigen (PSA), an FDA approved
protein biomarker for prostate cancer, observing tri-, di-,
mono-, and non-sialylated type N-glycans of the untruncated
PSA in addition to six proteolytically cleaved variants [25].
Additionally, a TDP analysis of human saliva from patients
with multiple sclerosis and healthy controls identified 23 pro-
teoforms exhibiting differential abundance between groups,
including oxidized and truncated forms of cystatin, a cysteine
protease inhibitor that has been previously associated with
neurodegeneration [26].

3. Effects of sample preparation approaches on
proteoform identification

Challenges in clinical sample preparation include, especially in
the case of biofluids, the high dynamic range of proteoform
concentration. The signal dilution effect inherent to TDP, men-
tioned above, and proteoform complexity further complicate
the detection of low abundant proteoforms from clinical sam-
ples. To address these challenges and improve MS detection
of low-abundance proteoforms from biofluids, several
immune-based and nonimmune-based depletion methods
are commonly used in BUP to reduce levels of the top 2-14
most abundant proteins [27] and are now applied in TDP
studies. Preparation strategies ranging from the targeted
enrichment of individual proteins — using both immunoaffinity
or non-antibody-based approaches - to untargeted methods,
including gel-based fractionation, size exclusion chromatogra-
phy (SEQ), solid-phase extraction (SPE), molecular weight cut-
off (MWCO) filter, and nanoparticles (NP) have further
improved the characterization of lowly-abundant proteoforms
[28,29].

Regardless of sample source and processing strategy, selec-
tion of the protein extraction and cleanup conditions is highly
critical as such choices may impart artefactual proteoform
modifications [22,30,31]. Cai et al. studied the effect of increas-
ing sample storage temperature from 4 to 22°C on protein
identifications from cardiac tissue. Interestingly, changes in
the degree of phosphorylation were protein dependent,
increasing for cardiac troponin | and decreasing for cardiac
troponin T [32]. Kaulich et al. observed increased proteoform
cleavage C-terminal to Asp for a workflow involving sample
heating in unbuffered guanidinium chloride, potentially
reflecting artefactual truncation at low pH and high tempera-
ture. Sample heating in loading buffer prior to gel-based
fractionation may also introduce artefactual proteoform trun-
cations [33]. On the other hand, use of acidic conditions dur-
ing acetone precipitation may minimize introduction of a +98
Da modification [34].

In addition to generating artefactual proteoforms, extrac-
tion buffers can hinder MS analysis due to signal suppression



or adduct formation [30,35]. For example, signal suppression
of 50% has been observed for sodium dodecyl sulfate (SDS)
concentrations at low as 1.7 uM [22]. Different sample cleanup
procedures have therefore been developed to improve the
efficiency of protein recovery based on the nature and level
of buffer contaminants. However, it is important to note that
technique performance in terms of applicable concentration
ranges, proteoform recovery, and sensitivity influence the
observed proteoform distribution. For example, many intact
proteoforms are insoluble or poorly soluble, especially in the
absence of detergent, thus the detergent removal step may
introduce bias in observed proteoforms based on solubility
differences [36-38]. For plasma and serum analysis, even selec-
tion of the type of abundant proteoform depletion kit, if such
a step is included, can affect the observed proteoform distri-
bution; comparison of five commercial kits indicated variable
IgG removal, ranging from 70-93% [27].

Total proteoform recovery is affected also by the amount of
sample available for LC-MS/MS analysis, with low injection
amounts potentially resulting in a substantial decrease in
proteoform identifications. Though not based on analysis of
a clinical sample, the decrease in proteoform identifications
from 738 £8 to 197 £ 10 observed by Kaulich and colleagues
upon reducing proteoform injection amount from 1200 ng to
30 ng is also expected to be relevant for clinical studies [33].
Beyond details of the specific techniques, basic sample pro-
cessing considerations also affect the observed proteoform
distribution. Detection of Enigma Homolog isoform 2 from
heart tissue was compromised after just 1 hour of sample
storage at room temperature [32]. The next two sections
provide further details on sample enrichment and cleanup
approaches applied to TDP analysis (summarized in Figure 1,
Table 1), with an emphasis on the implications for low mole-
cular weight (0-30 kDa) proteoform identification from clinical
samples.

4. Intact protein enrichment

The following section summarizes different strategies for sam-
ple preparation and introduces a number of techniques also
applicable to sample clean-up, discussed in Section 5. Given
the emphasis on clean-up approaches, additional details
regarding each technique are included in Section 5.

4.1. Single/Targeted protein enrichment

4.1.1. Non-affinity-based targeted enrichment

Non-immunoaffinity targeted enrichment can be applied to
study of highly abundant proteins such as plasma albumin,
immunoglobulin, apoA-l, apoA-Il, apoC |, apoC I, and apoC Il
Starting from circulating proteins, plasma and/or serum are
characterized by a complex proteome where 66 kDa albumin
represents more than 50% of the total protein mass. MS
analysis of human albumin can be carried out after sample
dilution and disulfide bond reduction or after sequential pre-
cipitation with increasing concentration of ethanol [39,40].
With sequential ethanol precipitation and by applying intact
mass analysis, Leblanc et al. reported the identification of nine
different  albumin  proteoforms including  oxidation,
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glycosylation, deamidation, and N/C-terminal truncation [41].
A recent study demonstrated substantial improvement in the
gas-phase sequencing of albumin, suggesting that in the near
future advanced ion activation technologies will be available
also for the characterization of endogenous serum albumin
proteoforms [42].

Seckler et al. proposed a method for enriching 29 kDa
apoA-lI from human serum based on the extraction of the
lipophilic part of serum followed by gel-based fractionation
and collection of the 0-30 kDa fractions. This enabled the
characterization of 18 apoA-l proteoforms including full-
length, unmodified apoA-l along with carboxymethylated
and acylated proteoforms [43]. ApoC Il is another member
of the apolipoprotein family, which was enriched using
reversed-phase SPE by Jian et al. who characterized the ratio
of three apoC Il proteoforms (one canonical and two glycated
forms) in individuals with diabetes mellitus [44]. Hemoglobin
(Hb) proteoforms have also been interrogated via TDP due to
their diagnostic potential. The main component of red blood
cells (RBCs), Hb is enriched through a multi-step process
encompassing the separation of RBCs from the whole blood,
cell lysis followed by centrifugation for debris removal, and
the collection of solubilized hemoglobin from the supernatant.
After optimizing the chromatographic separation of Hb sub-
units, Chen et al. characterized seven clinically relevant pro-
teoforms (Hb C with a-thalassemia trait, Hb E, Hb D-Punjab, Hb
G-Accra, Hb G-Siriraj, Hb Tarrant, and Hb G-Waimanalo) via LC-
MS [45].

Overall, targeted non-affinity techniques are simple and
highly cost-effective, but they are limited in their application
mostly to highly abundant proteins. The enrichment of pro-
teoforms occurring in lower abundance is often confounded
by the presence of residual higher-abundance proteoforms.

4.1.2. Affinity-based targeted enrichment

Affinity enrichment is the selective extraction of target pro-
teins from complex mixtures based on the interaction of the
protein of interest with a chemical moiety (e.g., aptamer) or
antibody (immunoaffinity (IA) enrichment). The selectivity
arises from combinations of non-covalent interactions
between the target protein and the ligand such as hydropho-
bic interaction, hydrogen bonding, van der Waals or electro-
static forces [28]. The efficacy of protein recovery depends on
three major steps: (i) binding, (ii) washing, and (iii) elution. An
optimal ligand-to-target ratio is essential during the binding
step to ensure the efficient capture of the target protein. The
washing buffer must be carefully selected to effectively
remove excess unbound proteins while preserving the integ-
rity of the target-partner binding. The recovery of the target
protein during the elution step relies on disrupting the non-
covalent interaction with low or high pH or with denaturing
agents [46].

Antibodies continue to be the workhorse of affinity enrich-
ment due to their high specificity and selectivity. Antibodies
used for immunoprecipitation can be coupled with different
solid supports including pre-coated pipette tips, spin trap
columns, and functionalized beads (either agarose or mag-
netic). Utilizing IA columns, Sinari et al. captured and analyzed
the various proteoforms of the high-abundance protein apoC
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Figure 1. Overview of TDP sample preparation and cleanup protocols. (A) Different types of human samples used in clinical proteomics (blood, urine, saliva,
cerebrospinal fluids (CSF), and tissue biopsy). The protein content from each clinical specimen is extracted for further manipulation. (B) Approaches used in TDP for
enrichment/fractionation. (C) Classification of cleanup procedures according to the nature of contamination. Certain images used for creating the figure were taken
from NIH bioart (https://bioart.niaid.nih.gov/). sSEC, serial size exclusion chromatography; SPE, solid-phase extraction; PPT, precipitation; NP, nanoparticle; MWCO,
molecular weight cut-off; IA, immunoaffinity; PEPPI, passively eluting proteins from polyacrylamide gels as intact species; SP3, single-pot, solid phase-enhanced
sample preparation; SAX, strong anion exchange; FASP, filter-aided sample preparation; RP, reversed phase.

Il [9]. To evaluate the performance of different solid supports,
Mazzarino et al. compared various options in terms of recovery
and reproducibility for immunoenrichment of synthetic ana-
logs of insulin-like growth factor 1 (IGF-I) from different biolo-
gical matrices, urine and serum/plasma. Techniques relying on

the conjugation of antibodies to magnetic beads and pipette
tips as support proved to be the most efficient [47]. With its
great reproducibility and ability to capture proteins in the ng/
mL range, a magnetic bead-based approach was used for the
enrichment of lowly abundant protein biomarkers from serum,


https://bioart.niaid.nih.gov/

Table 1. Top-down proteomics sample preparation protocols.
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Preparation Approach Principle Practical Considerations References

Non-affinity targeted ~ Abundance Limited to highly abundant protoeforms [39-41,45]
enrichment

Lipoprotein Lipophilic extraction and size-based fractionation Unable to differentiate between bound and free apolipoproteins [43,44]
enrichment

Affinity Selective binding to antibody or aptamer Multiprotein enrichment is not feasible; may be integrated into  [9,47-51]
(1A) online, automated workflow

1D-PAGE Size based Need for protein extraction from gel matrix may limit recovery  [54,56,81]

2D-PAGE Isoelectric point and size based Need for protein extraction from gel matrix may limit recovery  [57-59]

GELFrEE Size based Unit needs to be built in-house [60-63]

MWCO filter Size based Membrane efficiency is vendor dependent [65,66,82]

SPE enrichment Reversed-phase; hydrophilic-lipophilic balanced; affinity Nonspecific; may yield lower protein recovery [27,67,69]

(depending on sorbent)
SEC Size based Limited resolving power [73,74]
Nanoparticle Selective binding to the functionalized nanoparticle Nanoparticle production may require specialized synthesis [78-80,83]

such as neuron-specific enolase gamma (NSE), the acetylated
proteoform being associated with lung cancer [48]. An addi-
tional advantage of magnetic bead-based sample enrichment
is its suitability for automation using liquid handling robots.
Des Soye et al. implemented an entirely automated workflow
for isolating immunoglobulins G from serum samples obtained
from SARS-CoV-2 patients by coupling IA enrichment with the
KingFisher robot and sample cleanup with SampleStream
technology followed by MS analysis [49].

Coupling affinity enrichment with SPE in fritted or fritless
micro cartridges has enabled the online integration of sample
preparation and cleanup with capillary electrophoresis (CE)-
MS. The Benavente lab developed two platforms, antibody-
and aptamer-based SPE-CE-MS for the targeted analysis of
transthyretin and a-synuclein proteoforms extracted from
plasma and serum, respectively. Automating sample prepara-
tion and cleanup steps reduced manual workload and
enhanced the reproducibility and sensitivity of downstream
analysis [50,51].

In summary, antibody-based immunoaffinity is the most
commonly applied strategy for affinity-based sample prepara-
tion for TDP clinical samples, despite its shortcomings [16,52].
A major limitation of this approach is its inability to support
multiplexed protein analysis, as a specific antibody is required
for each protein target. Although a wide range of antibodies is
commercially available, not all are suitable for affinity enrich-
ment and often require extensive validation, especially to
confirm specificity. Additionally, the cost of antibodies may

@ Excision

| |

@ Gel crushing

@ Passive extraction

limit their adoption for large-scale TDP studies. Finally, it is
unclear whether antibody-based enrichment introduces pro-
teoform-specific bias.

4.2. Untargeted approaches

4.2.1. Fractionation based on gel electrophoresis
Gel-based fractionation utilizes the cost-effective polyacrylamide
gel electrophoresis (PAGE) for the separation of proteoforms
based on size and charge (Native-PAGE), size (SDS-PAGE), or iso-
electric point (isoelectric focusing, IEF). PAGE is one of the most
common offline fractionation approaches for TDP due to its ortho-
gonality to separation techniques like reversed-phase liquid chro-
matography (RPLC) and CE [29]. Despite its efficiency in providing
high-resolution protein separation, the bottleneck of gel-based
fractionation is intact protein recovery. Several strategies such as
continuous elution electrophoresis, electroelution, and passive
extraction with aqueous solvents have been tested, with minimal
protein loss observed from passive elution. Passive elution was
firstimplemented to study tomato extract and was later optimized
for TDP analysis of biological samples by Takemori and coworkers
as a protocol known as passively eluting proteins from polyacry-
lamide gels as intact species for mass spectrometry (PEPPI-MS,
Figure 2) [53-55]. Recovery after PEPPI extraction of up to 68% was
observed. However, studies have demonstrated an extraction bias
favoring low Mw proteoforms and acidic and neutral proteins,
suggesting avenues for further optimization.

@ Gel removal

Figure 2. Workflow for sample fractionation using PEPPI: (1) Bands of interest are excised from the SDS-PAGE gel, (2) Gel pieces are crushed with a pestle in
ammonium bicarbonate (ABC) buffer containing 0.5% SDS (pH 8-8.5), (3) Agitate tubes to facilitate extraction from gel. (4) Gel pieces are separated from the
recovered protein solution using a spin filter. After this step, the protein solution is ready for cleanup. Certain images used for creating the figure were taken from

openclipart (https://openclipart.Org/) and Labicons (https://www.labicons.net/).
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One-dimensional electrophoresis (1D-PAGE) and two-
dimensional electrophoresis (2D-PAGE) are the two widely
available gel-based protein/proteoform separation techniques
applied in TDP. In 1D-PAGE, proteins are separated under
denaturing conditions using a 10 or 12% SDS-PAGE gel. SDS
disrupts the native protein structure by inducing denaturation
and uniformly imparts negative charges to the proteins, allow-
ing their migration based on size. If the preservation of native
structure is desired, native PAGE can be performed. Forte et al.
used PEPPI-MS to isolate the 0-30 kDa proteoform fraction for
the liver cirrhosis study referenced above [24]. Takemori et al.
applied PEPPI under native-like conditions to achieve the
purification of tetrameric hemoglobin complex, highlighting
the promise of 1D-Native-PAGE in purifying protein ensembles
for subsequent native mass spectrometry analysis [56].

2D-PAGE combines two orthogonal separation methods. In
the first dimension, a gel strip containing a pH gradient is used
for separation based on isoelectric point — proteoforms
migrate until reaching the point in the pH gradient where
their net charge is zero. Proteoforms showing differences as
minimal as an extra PTM, such as phosphorylation, can be
resolved. In the second dimension, standard SDS-PAGE is
applied, allowing size-based separation [57,58]. Almuslehi
et al. revealed after analysis of tissue biopsy extract the differ-
ential abundance of 34 protein spots in a 2D-PAGE gel that
can be associated with visual disturbances preceding multiple
sclerosis. Subsequent TDP analysis identified 75 characteristic
proteoforms among which 24 were unique [59].

Tran and Doucette introduced the gel-eluted liquid fraction
entrapment electrophoresis (GELFrEE) separation device [60,61].
Later, Skinner et al. described a native-like version of this method
for the separation of protein complexes [62]. The device consists
of a tube gel (divided into stacking & resolving gels) and
a collection chamber. The major advantages of GELFrEE over
other gel-based fractionation methods are negligible sample
loss with short trapping time and the elimination of the passive
elution step, though sample clean-up is still mandatory when
SDS is used. To enable the simultaneous fractionation of multiple
samples, Tran and Doucette developed a multiplexed GELFrEE
unit [63] that has been widely used for TDP in 2D (coupled with
LC or CE separation) or 3D formats (coupled with sIEF and LC or
CE) [7,61,64]. Unfortunately, the commercial GELFrEE device,
which allowed for multiplexed sample fractionation is no longer
available, thus the implementation of GELFrEE now requires in-
house built devices.

4.2.2. Other fractionation strategies applied to whole
proteomes

Gel-based fractionation is the most widely employed approach
for reducing sample complexity prior to TDP analysis; however,
alternative methods have also demonstrated significant poten-
tial in this context. These include MWCO filters, SPE, SEC, and the
use of NP. While most of these methods (namely: MWCO, SPE,
SEC) have their primary utility in sample cleanup - and hence
more details on their mechanism will be provided in section 5
Intact protein cleanup—, notable examples are provided below
for their application in the context of extracting proteoforms
from biological samples and proteome fractionation.

MWCO filters contain polymeric membranes and utilize
centrifugal force to separate molecules based on their size.
Different MWCO filters are available with molecular weight
cutoffs of 3, 5, 10, 50, 100, 300, and 1000 kDa. A desired Mw
range can be enriched by the sequential application of filters
units with different cutoff values. Fulcher et al. utilized a series
of MWCO filtration procedures to enrich proteins from 0-100
kDa from postmortem brain tissue of individuals with
Alzheimer’s disease. After tissue homogenization and the
removal of insoluble material, 100 kDa filters were used to
remove large proteins, followed by 3 kDa filters to remove
small molecular weight contaminants. TDP data suggested
metal (mainly iron) binding to B-synuclein and y-synuclein as
well as succinylation of cysteine residue 106 of PARK7 in
a patient with Alzheimer’s [65]. Though use of MWCO filtration
alone is not adequately selective for targeted work, combining
filtration with targeted methods is a strategy to improve
sample purity and thus sensitivity for the targeted proteo-
forms. Pont et al. combined immunoaffinity capture and two
stages of MWCO filtering for the intact mass analysis of trans-
thyretin (TTR) proteoforms enriched from the plasma of
a patient with familial amyloidotic polyneuropathy type
| (FAP-I). Following immunoprecipitation, the sample was first
desalted with a 10 kDa filter, followed by antibody removal
with a 100 kDa filter. The authors reported that the oxidized
forms of TTR, derived from either the wildtype or mutant
alleles, are associated with FAP-I incidence [66].

SPE allows for extraction of subproteomes of interest based on
selection of stationary phase, encompassing options ranging from
reversed-phase and ion exchange sorbents to affinity sorbents for
depletion of abundant plasma proteins [27,671. Initial attempts to
utilize SPE for intact protein enrichment focused on single protein
extraction from human serum (i.e., targeted approach). Following
denaturation and the precipitation of high molecular weight pro-
teins, IGF-I (~7.6 kDa) was enriched using an anion exchange resin
[68]. Expanding on this study, Marakova et al. further optimized
the protocol for the enrichment of low Mw proteins spiked into
human plasma and urine. The authors expected that larger, hydro-
phobic proteins would precipitate during the elution step using
high acetonitrile content (75% (v/v)), therefore they targeted
hydrophilic proteins of Mw < 30 kDa. Multiple factors were tested
to maximize protein recovery, including sample pretreatment with
acid/detergent (to disrupt protein-protein interactions), selection
of both sorbent and solution chemistries for the proper binding,
washing and subsequent elution of the proteins. The highest
protein recoveries (>65% and>50% from urine and plasma,
respectively) were reported using the following conditions: sam-
ple pretreatment with 1% (v/v) trifluoroacetic acid (plasma) and
0.2% triton (urine); hydrophilic-lipophilic balanced resin; elution
with 1% (v/v) trifluoroacetic acid in 75% (v/v) acetonitrile [69].
Affinity-based stationary phases have shown utility in the enrich-
ment of human glycoproteins from both urine and plasma sam-
ples, utilizing either single- or multi-lectin columns [70,71].
Although these works reported on subsequent BUP processing,
they highlight the potential of lectin-based strategies for the
purification/enrichment of intact glycoproteins. Another signifi-
cant achievement in this field was demonstrated by Wu et al.
Here, two standards — haptoglobin and al-acid glycoprotein -
were used to highlight the power of combining lectin-affinity



purification and native MS to elucidate the microheterogeneities
of their glycoproteoforms [72]. These findings support the explora-
tion of agarose bead - based lectin enrichment protocols in TDP
for the extraction of the glycoproteome from complex biological
samples. The studies mentioned above are very promising and will
hopefully spur further improvements that allow SPE fractionation
of a wider variety of subproteomes.

SEC is a separation method based on the entrapment of
species within a porous matrix. Pore sizes range from 100 to
4000 A, and for the purposes of fractionation one must choose
the resin that accommodates the fractionation range of the
protein(s) of interest. The separation is based mostly on hydro-
dynamic volume, where high Mw components elute first, and
the elution (generally) follows the order of decreasing Mw.
Although SEC has limited resolving power, it proves very
efficient for sample cleanup [28] and the enrichment of extra-
cellular vesicles (EVs). SEC columns specifically designed for
isolating EVs are commercially available and have been uti-
lized by Lattmann et al. to compare the protein cargo of EVs
enriched from the plasma of healthy vs melanoma patients.
Although this study applied BUP, such SEC columns are
expected to be applied in TDP workflows as well, due to the
great potential EVs hold for biomarker discovery [73]. In an
effort to improve the resolution of SEC, the Ge lab developed
a serial size exclusion chromatography (sSEC) strategy [74]. In
sSEC, a series of SEC columns are aligned in order of decreas-
ing pore size (1000 A followed by 500 A) and proteins are
eluted isocratically. While the use of a single SEC column
allowed for the detection of more than 2000 proteoforms in
cardiac tissue extract (with the majority of these being in the
10-25 kDa range); with sSEC, the number of intact proteoform
masses identified exceeded 5000, with a 15-fold increase in
the number of individual proteoforms in the 25-50 kDa range.
The solvent compatibility of the sSEC with MS eliminates the
need for sample cleanup. Additionally, the lack of proteoform
bias highlights sSEC as a promising method for further opti-
mization for the enrichment of proteoforms from other biolo-
gical matrixes.

NP are fine particles with diameters ranging from 1 to 500
nm. They can be synthesized from a variety of materials
including lipids, carbon-based compounds and polymers and
were originally utilized in nanomedicine for delivering drugs
to the desired site of action. Upon exposure to biological
fluids, a protein corona (a dynamic coating of biomolecules,
usually proteins) forms on the surface of NPs, potentially
altering their intended behavior. The composition of the pro-
tein corona is dictated by the physicochemical properties of
NPs, a phenomenon which was leveraged by Seer Inc. to
develop engineered magnetic NPs that allow the capture
and interrogation of different subsets of the proteome. The
main motivation was to compress the large dynamic range of
proteomes by utilizing a panel of multiple NPs that became
the foundation of the Proteograph Platform [75-77]. While
these studies included a protein digestion step, the concept
has subsequently been applied to TDP.

The first application of NPs in TDP was presented by the
Sun lab, using polystyrene NPs prepared in-house. The NPs
were incubated with human plasma and the protein corona
formed was eluted off with SDS. To optimize recovery, SDS
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concentration was varied in the range of 0.4-2%, whereby 1%
SDS was deemed optimal. The authors also pointed out that
using 1-2% SDS improved the recovery of large proteoforms,
specifically; even so, transmission electron microscopy images
suggested incomplete elution. The protocol enabled the char-
acterization of nearly 900 proteoforms (by combining CE-MS
/MS and LC-MS/MS results) in the Mw range 2-70 kDa. The
major drawback of using non-engineered NPs is that the
protein corona is mainly comprised of highly abundant plasma
proteins, such as apolipoproteins [78]. In 2024, the Kelleher lab
demonstrated the application of Seer-engineered nanoparti-
cles in a TDP study of human plasma. They modified the
original Proteograph workflow and eluted the protein corona
with SDS. The application of Seer NPs enabled the identifica-
tion of a record number (2841) of unique plasma proteoforms
from 114 proteins with Mw <50 kDa. Furthermore, their
approach allowed the detection of proteoforms in concentra-
tions as low as 10 pg/mL, expanding the proteomic depth 10°
fold, compared to unprocessed plasma. With that said, further
testing of engineered NPs is needed to evaluate the extent of
bias arising from the interaction of differently modified pro-
teoforms with NPs [79]. Chemically modified magnetic NPs
have been developed for the enrichment of the phosphopro-
teome. Chen et al. synthesized cobalt ferrite NPs, which were
functionalized with dinuclear Zn (Il)-dipiclylamine (Zn-DPA)
ligands coupled to glutaric acid, providing the specific binding
of phosphate ions. These NPs showed great utility in enriching
multiple cardiac phosphoproteins from (swine) heart tissue
lysates, allowing the localization of potential phosphorylation
sites for a previously uncharacterized phosphoprotein, hepa-
toma-derived growth factor [80]. Currently, the lack of com-
mercially available phosphoproteome enrichment kits/beads
amenable for TDP limits the expansion of the field into the
clinical setting. Finally, it is important to underline that NP
enrichment does not substitute Mw-based fractionation: in the
above reported studies, low Mw proteoforms were isolated by
PEPPI-MS or similar methods.

5. Intact protein cleanup

Salts and detergents are the major contaminants influencing
MS analysis of proteins. Salts are naturally present in the tissue
and body fluids but may also be introduced during sample
preparation, for example, when implementing ion-exchange.
Further, detergents may also be added during sample pre-
paration to facilitate solubilization and/or elution of mem-
brane, hydrophobic, and extracellular matrix proteins.
Detergents can suppress protein ionization in ESI-MS, in addi-
tion to forming protein adducts that lead to further signal
dilution and decreased sensitivity [22]. Multiple cleanup
approaches for salt and detergent removal have been devel-
oped and made commercially available, including dialysis,
ultrafiltration, SPE, SEC, and precipitation.

5.1. Dialysis

Dialysis separates low Mw compounds such as salts from
macromolecules like proteins via selective diffusion across
semi-permeable  membranes, typically composed of
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derivatized cellulose, with selectivity based on choice of
MWCO, and may also be used for buffer exchange.
Commercially available kits include devices for sample
volumes ranging from 10 pL to 250 mL. Offline dialysis before
TDP mass spectrometry has a limited application due to the
time required, and the need for a large volume of buffers (at
least 200 times sample volume). In practice, dialysis may sim-
ply result in sample dilution and even sample loss due to
binding to the dialysis membrane, rather than effective salt
removal [28]. Further, dialysis alone is unsuitable for SDS
cleanup, as only unbound SDS is removed [31].

These limitations have inspired a focus on using the dialysis
membrane as an integral part of online sample cleanup. Kim
et al. developed a matrix removal device based on asymme-
trical flow field-flow fractionation (AF4) for online cleanup of
GELFrEE enriched proteins, enabling direct MS analysis of
samples containing up to 0.1% SDS and salts. In an initial
step, cross-flow perpendicular to a 10 kDa MWCO membrane
allows for protein retention and contaminant removal, prior to
redirecting flow to elute sample directly to an emitter for MS
analysis [81]. Additionally, Seckler et al, employed
SampleStream for desalting and buffer exchange of immu-
noenriched apoA-I and apoC llI for characterization of proteo-
forms associated with CVD [82]. SampleStream functions with
the same principle as AF4, with membrane MWCO controlling
the desalting procedure [83]. SampleStream was tested by
direct coupling with MS with no orthogonal sample separation
applied before MS analysis. Though offering the advantage of
sample cleanup online with MS analysis, SampleStream pro-
vides limited capacity for protein/proteoform separation,
thereby limiting its application to targeted proteomics.
Further improvements to on-line coupled separation technol-
ogies such as LC and CE would enhance its utilization for
online sample cleanup.

5.2. Solid phase extraction (SPE)

SPE relies on physicochemical interaction between the analyte
of interest and the resin, which can be RP, normal phase, ion-
exchange or affinity based. The process consists of three main
steps: (i) binding the analyte of interest to solid support, (ii)
elimination of contaminants, and (iii) elution of target ana-
lytes. The main criteria to be considered when selecting SPE
beads include the nature of the analyte to be cleaned, quan-
tity of analyte in the sample, nature of contaminants, and the
level of contamination [67].

For TDP, C4 resin (RP) is most commonly used - the short
alkyl groups efficiently bind proteins and large peptides, while
polar compounds like salts remain unretained. Due to its
hydrophobic nature, the method is suitable only for desalting
and sample concentration, not detergent removal. Palmblad
et al. reported desalting efficiency reaching 98% and protein
recovery generally of 70-80% for C4 tips [84]. The major draw-
back of the RP micropipette tip cleanup is the loss of hydro-
philic protein targets, inconsistencies in desalting efficiency
due to the variability in the packing material, and the labor-
ious and time-consuming pipetting procedure, which can
introduce errors due to manual handling.

The removal of detergents can be carried out using ion
exchange resins. lon exchange is based on the interaction of
solutes with a stationary phase of opposite charge. Four classes
of ion exchange resins are available, namely strong anion
exchange (SAX), weak anion exchange (WAX), strong cation
exchange (SCX), and weak cation exchange (WCX). SAX
StageTips was developed by the Takemori lab for on-tip diges-
tion of protein samples. The Takemori group implemented the
same StageTip technique as a complementary cleaning proce-
dure for TDP sample enrichment via the PEPPI-AnEXSP protocol.
The StageTip enables binding of both the negatively charged
proteins and SDS. Proteins are eluted using 50% ethanol/0.5%
FA for cleanup of samples containing 0.05% SDS [55]. The main
disadvantage of using SAX on sample cleanup is the loss of
cationic proteins since they do not bind to the cationic resin.
A combination of cation and anion exchange (mixed-bed) has
been implemented to improve protein recovery in BUP, though
this approach has not been tested for TDP [85].

5.3. Molecular weight cut-off (MWCO) filters

In addition to proteoform concentration and relatively impre-
cise separation by Mw, filtration may be used for buffer
exchange and desalting. Filters with MWCO approximately
half the molecular weight of proteoforms of interest provide
a balance between contaminant removal and sample recovery,
since higher MWCO filters may lead to sample loss into the
filtrate. A typical workflow starts with conditioning the mem-
brane with appropriate solutions; extremes of pH may damage
the membrane filter. After conditioning, the sample is added,
and contaminants are filtered after a series of centrifugation
steps using MS-compatible solvents. The rate of centrifugation
depends on the level of contamination. The retentate contain-
ing the sample is then collected for further analysis [28].

For SDS removal, Takemori et al. adapted the filter-aided
sample preparation (FASP) protocol, originally introduced by
Nagaraj et al. for BUP, as part of the PEPPI-AnExSP workflow
mentioned above [86]. In the TDP adaptation, proteoforms
extracted from PEPPI fractions are loaded onto a 3 kDa
MCWO filter, and a series of centrifugation steps with 8 M
urea are performed to remove both unbound and bound
SDS, followed by buffer exchange into ammonium bicarbo-
nate (ABC) buffer prior to the final anion exchange cleanup
step [55]. Kachuk et al. developed a transmembrane electro-
phoresis (TME) device incorporating MWCO filters to retain
proteins while applying an electric field to remove bound
and unbound SDS. Tests with bovine serum albumin indicated
that protein recovery of greater than 90% may be achievable
while decreasing SDS concentrations from as high as 2% to
less than 10 ppm. Membrane proteoform solutions containing
40% methanol may also be cleaned via TME. In this case, more
rapid SDS removal was observed, possibly due to an increased
SDS critical micelle concentration in methanol solutions.
However, TME is not commercially available [87,88].

5.4. Precipitation

Protein precipitation is a cost-effective, readily available sam-
ple cleanup procedure and employs solvents that interfere



with proteoform non-covalent interactions or protein hydra-
tion resulting in aggregation and precipitation. The degree of
precipitation is dependent on pH, ionic strength, type and
percentage of the precipitating agent, temperature, and pro-
tein concentration [28,89].

Organic solvents are widely used for sample cleanup
procedures to precipitate large molecular proteins while
keeping low Mw contaminants in solution. While ethanol
precipitation may be useful for removal of certain lower Mw
contaminants, the limited solubility of salts in ethanol
necessitates an additional desalting step [90]. For detergent
removal, a widely used approach in TDP is methanol-
chloroform-water (MCW) precipitation [35-37,91] via
a protocol that has not substantially changed from the
original one developed by Wessel and Fligge [92].
Proteins are initially precipitated at the aqueous-organic
phase interface using a solution of 4 parts methanol, 3
parts water, and 1 part of chloroform per 1 part sample,
followed by a series of methanol-washing steps. Although
the process is straightforward, protein recovery is variable,
with sample loss potentially resulting from the extensive
pipetting procedure, especially for dilute samples. In addi-
tion, MCW is not ideal for the recovery of low Mw proteins
[38]. Cold acetone at a ratio of 4 parts acetone: 1 part
sample may be used for overnight precipitation at low
temperature (—20 °C). The cold temperature minimizes the
conformational elasticity of the protein, facilitating preser-
vation of native structure assuming no denaturing agent is
added to the sample. However, recovery is variable depend-
ing on the nature of the protein [93]. TCA on the other
hand, induces protein aggregation and precipitation by
lowering solution pH, which affects hydrogen bonding
interactions and  alters protein  surface charge.
Development of a precipitation protocol for platelet sam-
ples suggested that intermediate TCA concentrations of 15
to 40% were necessary for protein precipitation [90].
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5.5. Magnetic beads

Automated sample preparation and cleanup offer the advan-
tages of less labor-intensive procedures and high reproduci-
bility. Magnetic bead-based sample cleanup may be more
readily automated compared to other approaches while also
allowing for improved sample recovery compared to
SampleStream and TME. Beads are based on iron oxide or
cobalt ferrite nanoparticle cores and do not aggregate
except in the presence of a magnetic field. Modification of
particle surface chemistry allows for relatively straightfor-
ward adaptation of the same base protocol to a range of
samples. Single-pot, solid phase-enhanced sample prepara-
tion (SP3) is the first magnetic bead-based sample cleanup
procedure originally developed for salt and detergent
removal in BUP [94,95]. A modified protocol was introduced
by Dagley et al. for both TDP and BUP analysis utilizing
carboxylated magnetic beads, referred to as universal solid-
phase protein preparation (USP3). With USP3, the protein
sample is acidified prior to aggregation and captured by
the magnetic beads. Both acetonitrile and ethanol are used
for this step, and intact proteins are eluted from the beads
using cold 80% formic acid. However, samples must be
analyzed immediately and may not be stored [96]. To avoid
the harsh formic acid elution step, Takemori et al. modified
the protocol for the cleanup of PEPPI fractions in a protocol
referred to as PEPPI-SP3 (Figure 3), with the elution of the
intact protein from the carboxylated beads performed with
100mM ABC containing 0.05-0.1% SDS. SDS is then
removed via AnExSP. SP3-AnEXSP clean-up of PEPPI fractions
yielded a higher number of total proteoform identifications
compared to MCW or FASP-AnExSP cleanup [38]. Although
SP3-AnExSP improved <30 kDa proteoform recovery com-
pared to FASP, the efficient elution of larger proteoforms
from beads may become challenging due to increased
hydrophobicity and will require careful evaluation and
optimization.

Mass spectrometry
analysis

) VR VIR V

Figure 3. Workflow for SP3-AnExSP sample clean-up for TDP-MS analysis. (1) To remove contaminants from PEPPI fractions, the sample is subjected to protein
aggregation capture (PAC) using carboxylated magnetic beads, with sequential mixing in ethanol (EtOH) and acetonitrile (ACN). (2) Proteoforms are then eluted
from the beads using ABC buffer containing 0.5% SDS. (3) The SDS introduced is then removed using an in-house — built stage-tip containing an anion-exchange
disk, prior to (4) LC-MS/MS analysis. Certain images used for creating the figure were taken from NIH bioart (https://bioart.niaid.nih.gov/).
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6. Comparative evaluation of sample preparation
and cleanup procedures

Though not specifically focused on clinical samples, studies
comparing performance characteristics of different cleanup
methods for TDP workflows provide general insights for clin-
ical proteomics. In terms of protein recovery, Yang et al. com-
pared 30 kDa MWCO filtration, MCW, and USP3 protocols for
cleanup of cell lysate samples containing 1% SDS. High pro-
tein recovery (~60%) was observed for MWCO filtration and
USP3. However, MCW exhibited a bias for high Mw proteo-
forms (> 60 kDa), whereas USP3 exhibited a bias for low Mw
proteoforms (<30 kDa). MWCO filtration did not show
a proteoform bias based on Mw. This is consistent with the
observations of Takemori et al., who performed a comparative
TDP analysis of the three cleanup protocols after gel-based
fractionation [36,38]. In this optimization of SP3, use of 500 g
beads allowed for recovery of 1.88 ug and 0.94 ug protein for
48-20 kDa and < 20 kDa PEPPI fractions of 10 ug human cell
protein extract, respectively. Total ion current observed for
top-down LC-MS/MS analyses was ~ 50% lower for MCW sam-
ples compared to SP3 samples, even though injection amount
was ~75% higher for MCW samples, providing semi-
quantitative confirmation of relatively higher proteoform
recovery for SP3.

Further, for studies with myoglobin and cytochrome C,
Puchades and colleagues reported ~50% recovery with
MCW, with higher recovery (~80%) observed for precipitation
with 80% acetone [91]. However, proteoform recovery for
solvent precipitation methods is variable, with Wessel and
Fligge observing recovery after MCW cleanup of 92+2.5%
for 40 ug BSA in 5% SDS solution and 94 +1.5% for 50 ug
rabbit serum proteins in 5% SDS [92]. A series of thorough
studies from Doucette and colleagues identified ionic strength
as an important variable for proteoform recovery during pre-
cipitation. Specifically, for acetone precipitation, they observed
that 1-100 mM NaCl (or other ionic species) was needed for
high recovery of soluble proteoforms, with presence of salt
allowing 98+1% recovery at room temperature [93,97].
However, while recovery remains important, removal of salts
and detergents is paramount during sample cleanup. Botelho
et al. observed a reduction in SDS concentration from 2% to
less than 0.006% after MCW precipitation, whereas residual
SDS as high as 0.05% was observed after acetone precipita-
tion, though this was successfully mitigated by inclusion of
additional wash steps [35]. Despite the lower proteoform
recovery observed for MCW compared to acetone precipita-
tion, Puchades et al. observed a reduction in SDS from 0.5% to
0.0005% after MCW precipitation, whereas residual SDS was 4
times higher for 80% acetone precipitation [91].

Along with global measures of total proteoform recovery
and contaminant reduction, number of unique proteoform
identifications and lack of bias in proteoform recovery also
represent important benchmarks. For the top-down investiga-
tion of clinical samples in particular, a previous study com-
pared 3 protocols for serum sample cleanup: MCW, AnExSP,
and a commercially available kit, HiPPR Detergent Removal
Column. Both HiPPR and AnExSP yielded greater enrichment
of low Mw proteoforms compared to MCW, with the highest

number of unique proteoform identifications observed for
ANnEXSP [37]. A comprehensive summary of the quantitative
recovery of the different sample preparation and cleanup
procedures is shown in Table 2.

Practical considerations in terms of time and cost are also
relevant, especially when optimizing a workflow for clinical
applications. AnExSP and FASP are both labor-intensive and
time-consuming. While commercial kits support rapid deter-
gent cleanup, they are more costly solutions compared to
MCW. Protein precipitation with either MCW or acetone are
inexpensive, but, as noted, exhibit more limited recovery of
low molecular weight proteoforms and may result in sample
loss during pipetting. In contrast, SPE favors recovery of low
molecular weight proteoforms, yet may result in loss of hydro-
philic and cationic proteoforms for hydrophobic SPE and
anion exchange SPE, respectively. MWCO filtration may pro-
vide less substantial bias in terms of proteoform MW, but is
time-intensive and may yield reduced recovery of proteoforms
with certain modifications [38]. Online sample cleanup with
either SampleStream or TME are rapid but relatively expensive.
In clinical applications where high throughput is desired, auto-
mated sample cleanup with magnetic beads is a promising
option.

When optimizing a TDP clinical proteomics workflow, the
effectiveness of the sample cleanup step may be monitored
by adapting the ContamSPOT method, originally developed
for BUP. The assay relies on ion pairing between o-toluidine
blue and SDS to detect detergent concentrations as low as
0.0004% [98]. Residual SDS may also be quantified colorime-
trically using Stains All, a carbocyanine dye, as described by
Rusconi et al. [99].

7. Conclusion

Despite the versatile approaches for sample preparation and
clean-up available for TDP, each protocol has drawbacks,
including potential introduction of bias in proteoform identi-
fications and artefactual modifications. As such, method selec-
tion is not trivial. For small sample volumes typical of clinical
proteomics studies, gel-based fractionation is a reasonable
choice for sample preparation but necessitates sample clean-
up for detergent removal. A key advantage of the sSEC pro-
tocol is its use of MS-compatible elution solvent, yet the
requirement for large sample volumes limits its feasibility for
routine clinical assays. Work toward improving and standardiz-
ing TDP clean-up techniques is nonetheless valuable, as the
shift from protein to proteoform analysis in clinical proteomics
is expected to allow for identification of more selective dis-
ease-biomarkers and targets for personalized medicine.

8. Expert opinion

The main limitations in existing TDP clean-up techniques rele-
vant for clinical proteomics include protocols that are difficult
to scale up for high-throughput studies and that are difficult
to reproduce by non-experts. To address this, promising
approaches include adaption of protocols to formats compa-
tible with automated sample handling systems and protocol
commercialization. Continued improvements that minimize
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sample loss, allow for online coupling to MS, and accommo-
date low sample volumes are also important priorities.

Though this review focuses on sample preparation and
clean-up, downstream sample processing cannot mitigate irre-
producibility in sample collection. Practical implementation
requires rigorous intra- and inter-laboratory standardization
of sample collection and storage. Further, establishing stan-
dardized procedures as well as independent validation of
protocols across different laboratories is necessary to combat
irreproducibility stemming from incomplete methodological
reporting and publishing bias toward positive results. Inter-
laboratory validations would not only enhance confidence in
protocol robustness but could also facilitate method commer-
cialization, thereby supporting broader adoption in large-scale
studies. There is also a need for proteoform-specific standards
to evaluate the reproducibility of techniques across labora-
tories and benchmark new techniques against existing meth-
ods. However, production of proteoform-specific standards is
not possible using approaches such as solid-phase peptide
synthesis. Currently, TDP standards are produced via recombi-
nantly synthesized proteins with induced chemical modifica-
tions, though such modifications may not accurately reflect
endogenous proteoforms.

Toward the goal of standardization, the TDP community
has established a consortium to harmonize methodologies
across diverse research settings. The consortium has pub-
lished guidelines for sample cleanup, and current efforts are
focused on standardizing data acquisition protocols across
different instruments [22]. However, critical gaps remain -
most notably, the absence of validated guidelines for sample
preparation. These should include: clear recommendations on
when to apply specific protocols, acceptable proteoform
recovery thresholds, procedures for assessing proteoform
loss, standardized data acquisition parameters depending
on the type of mass analyzer, and defined criteria supporting
the use of recombinant proteins as internal standards. Since
the ultimate goal is to advance TDP toward routine clinical
application, we believe initiating an inter-laboratory study
using commercially available plasma (one specific product
that each participating group would need to purchase)
would be a valuable step toward standardization and ensur-
ing reproducibility.

Another factor to consider is cost per sample. TDP entails
significantly higher costs due to expensive instrumentation,
the need for regular maintenance, and stringent operational
requirements necessary to ensure accurate results. Operating
such instruments also demands specialized expertise, unlike
more routine approaches such as ELISA. Furthermore, the
sample volume required for TDP is variable and application
dependent. When analyzing human plasma, volumes can
range from 3-7 uL up to 1 mL, depending on the target pro-
tein’s abundance or, for untargeted studies, the desired pro-
teome coverage [9,24,48,82]. This poses a significant limitation
in clinical proteomics, where sample volumes are often
restricted.

Despite these challenges, we contend that investment toward
these goals is justified by the unique value of TDP in monitoring
disease progression and elucidating disease mechanisms
through the characterization of proteoform-level changes.
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