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Abstract
Background  Formalin-fixed paraffin-embedded (FFPE) tissue proteomics has emerged as a promising approach for 
precision medicine, offering access to vast clinical archives. Despite technological advances enabling identification 
of thousands of proteins from FFPE samples, no proteomic diagnostic tests based on FFPE tissues have achieved 
regulatory approval for clinical diagnostics, raising fundamental questions about the translational viability of this 
approach.

Main body  This review critically evaluates the realistic barriers preventing clinical translation of FFPE proteomics 
and identifies targeted applications with genuine promise for near-term implementation. We demonstrate that 
while comprehensive discovery-based proteomics faces insurmountable challenges including validation failure 
rates exceeding 90%, targeted proteomic strategies focused on specific clinical questions show substantially greater 
potential. Current implementation barriers extend beyond technical limitations to encompass economic constraints 
(5-10-fold higher costs than immunohistochemistry), regulatory uncertainties, and fundamental incompatibilities with 
clinical laboratory workflows. The persistent emphasis on increasingly complex analytical platforms may represent 
misallocated resources given unresolved standardization and validation challenges.

Conclusion  Strategic redirection toward targeted proteomic applications addressing specific diagnostic needs, 
rather than comprehensive molecular profiling, offers the most viable pathway for clinical translation. Success will 
require prioritizing applications where FFPE proteomics provides unique, actionable information that justifies its 
complexity and cost relative to established methodologies. We propose specific criteria for identifying high-impact 
applications and outline a pragmatic roadmap for achieving clinical implementation within realistic timeframes.
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Introduction
Clinical significance and scope of FFPE tissue archives
FFPE tissues constitute the most extensive reposi-
tory of preserved human biological specimens world-
wide, encompassing billions of archived samples housed 
within pathology departments and biobanks that contain 
decades of longitudinally linked clinical outcome data 
[1]. These archives represent an invaluable and irreplace-
able resource for translational research, offering unique 
opportunities for retrospective biomarker validation 
across diverse patient populations, rare disease investiga-
tion where prospective sample collection is impractical, 
and longitudinal studies spanning disease progression 
from early lesions to metastatic disease.

The clinical value of FFPE archives extends beyond 
simple sample availability to encompass critical advan-
tages for precision medicine implementation. These 
specimens are routinely collected during standard diag-
nostic procedures, eliminating the need for additional 
invasive sampling while providing direct correlation with 
histopathological diagnosis and clinical outcomes. The 
ability to perform molecular analysis on morphologi-
cally defined regions of interest enables investigation of 
tumor heterogeneity, microenvironmental interactions, 
and spatial organization of disease processes that cannot 
be captured through liquid biopsy or bulk tissue analysis 
approaches.

Current molecular diagnostic landscape for FFPE tissues
The contemporary molecular diagnostic landscape for 
FFPE tissues encompasses multiple established and 
emerging technologies, each with distinct capabilities, 
limitations, and clinical applications that define the com-
petitive environment within which FFPE proteomics 
must demonstrate value. Immunohistochemistry (IHC) 
remains the gold standard for protein-level analysis in 
clinical pathology, providing targeted protein detection 
with subcellular spatial resolution at costs typically rang-
ing from fifty to one hundred dollars per marker [2–4]. 
The technology’s widespread adoption reflects multiple 
advantages including established clinical workflows 
integrated into routine pathology practice, extensive 
validation across thousands of clinically relevant targets, 
regulatory approval pathways with clear precedent, and 
direct visual correlation with tissue morphology enabling 
pathologist interpretation. Modern IHC platforms have 
evolved to include multiplexed immunofluorescence 
approaches capable of detecting 40–60 targets simul-
taneously, automated staining systems ensuring repro-
ducibility, and digital pathology integration enabling 
quantitative analysis [2–4]. However, IHC faces inherent 
limitations that create opportunities for complementary 
technologies. The requirement for specific, validated 
antibodies limits analysis to known targets, preventing 

discovery of novel biomarkers [5]. Antibody-based detec-
tion provides limited quantitative dynamic range, typi-
cally 2–3 orders of magnitude, particularly when using 
fluorescent labels (chromogen-based methods are even 
more restricted, around 1–2 logs), compared to mass 
spectrometry’s 5–6 orders of magnitude [6, 7]. Further-
more, IHC cannot distinguish between protein isoforms, 
post-translational modification states, or degradation 
products that may have distinct biological and clinical 
significance [8, 9].

Genomic analysis of FFPE tissues has achieved rou-
tine clinical implementation through targeted sequenc-
ing panels, comprehensive genomic profiling platforms, 
and emerging whole exome/genome approaches, dem-
onstrating that molecular analysis of chemically fixed 
tissues is feasible when appropriate technological and 
regulatory frameworks are established [10–12]. The suc-
cess of FFPE genomic analysis provides important prec-
edent and benchmarks for proteomic applications. DNA’s 
inherent stability compared to proteins, combined with 
PCR amplification capabilities, enables robust analysis 
despite fixation-induced fragmentation and crosslink-
ing. Established bioinformatics pipelines, standardized 
variant calling algorithms, and clear clinical actionabil-
ity for identified mutations facilitate interpretation and 
clinical decision-making. The FDA approval of multiple 
FFPE-based genomic tests, including FoundationOne 
CDx and MSK-IMPACT, demonstrates successful navi-
gation of regulatory pathways for complex molecular 
diagnostics using fixed tissues [13, 14]. These approvals 
established critical precedents for analytical validation, 
clinical validation, and quality control requirements that 
inform development of proteomic applications. However, 
genomic analysis cannot capture post-transcriptional 
regulation, protein abundance, post-translational modifi-
cations, or protein-protein interactions that often deter-
mine therapeutic response and resistance mechanisms.

Liquid biopsy approaches analyzing circulating tumor 
DNA (ctDNA), circulating tumor cells (CTCs), and 
extracellular vesicles offer non-invasive molecular pro-
filing with capabilities for serial monitoring and early 
detection of resistance [15, 16]. These technologies have 
gained rapid clinical adoption for specific applications 
including resistance mutation detection such as EGFR 
T790M, minimal residual disease monitoring, and treat-
ment selection when tissue biopsy is not feasible [17]. 
The non-invasive nature enables repeated sampling for 
dynamic monitoring of treatment response and emerg-
ing resistance mechanisms [18]. However, liquid biop-
sies inherently lack spatial context, cellular heterogeneity 
information, and tissue architecture preservation that 
characterize solid tissue specimens, limiting their appli-
cability for diagnosis requiring morphological corre-
lation, assessment of tumor microenvironment, and 
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spatial biomarker patterns [12, 13]. Furthermore, sensi-
tivity limitations for early-stage disease and inability to 
detect non-secreted proteins restrict their utility as com-
prehensive tissue replacements [19, 20].

Theoretical advantages and unique capabilities of FFPE 
proteomics
Mass spectrometry-based proteomics theoretically offers 
unique analytical capabilities that address fundamen-
tal limitations of existing approaches while providing 
complementary information essential for comprehen-
sive molecular characterization [21, 22]. Unlike targeted 
approaches requiring prior knowledge of analytes, dis-
covery proteomics can theoretically identify and quantify 
thousands of proteins simultaneously without prede-
termined bias [23]. This capability enables discovery of 
unexpected biomarkers, characterization of novel disease 
mechanisms, and identification of previously unrecog-
nized therapeutic targets. Modern data-independent 
acquisition (DIA) approaches can achieve comprehensive 
proteome coverage with improved reproducibility com-
pared to traditional data-dependent methods, creating 
permanent digital proteome maps that can be retrospec-
tively interrogated as new hypotheses emerge [24–27]. 
Proteins, not genes, are the primary functional molecules 
in cells, serving as enzymes, structural components, 
signaling molecules, and drug targets. The correlation 
between mRNA and protein abundance is only moderate, 
with Pearson correlation coefficients typically ranging 
from 0.4 to 0.6, indicating that transcriptomic analysis 
provides insufficient information for predicting protein-
based phenotypes [28, 29]. This limited correlation is 
further complicated by proteogenomic analyses reveal-
ing that typically less than 20% of genomic variants are 
confirmed at the protein level, highlighting systematic 
sensitivity limitations that may miss clinically relevant 
therapeutic targets [30]. These observations underscore 
the necessity of direct protein measurement rather than 
relying on genomic or transcriptomic surrogates for clin-
ical decision-making. Post-translational modifications 
(PTMs) including phosphorylation, acetylation, ubiqui-
tination, and glycosylation fundamentally alter protein 
function, localization, and stability without changes in 
protein abundance. Mass spectrometry uniquely enables 
comprehensive PTM profiling, providing insights into 
signaling pathway activation, epigenetic regulation, and 
metabolic states not accessible through genomic or tran-
scriptomic analysis.

Modern mass spectrometry platforms provide quan-
titative measurements across 5–6 orders of magnitude 
with coefficients of variation below 20% for optimized 
workflows [25, 31, 32]. This dynamic range substantially 
exceeds immunohistochemistry’s 2–3 orders of magni-
tude while avoiding antibody-related artifacts including 

non-specific binding, epitope masking, and batch-to-
batch variability. Absolute quantification using stable 
isotope-labeled standards enables precise protein con-
centration measurements for therapeutic target assess-
ment and diagnostic threshold establishment [33]. Mass 
spectrometry inherently provides multiplexed analysis 
without the spectral overlap limitations of fluorescence-
based approaches or the sequential staining requirements 
of traditional IHC [34]. A single analysis can quantify 
hundreds to thousands of proteins, enabling compre-
hensive pathway analysis, network reconstruction, and 
systems-level understanding of disease mechanisms [35]. 
This capability is particularly valuable for identifying 
multi-protein signatures that capture disease heterogene-
ity more effectively than single biomarkers.

The translation challenge and current status
Despite theoretical advantages and over two decades 
of technological development, the translation of FFPE 
proteomics from research tool to clinical diagnostic has 
proven exceptionally challenging. No FDA-approved 
FFPE proteomic diagnostic tests currently exist in rou-
tine clinical practice [36–38], while genomic approaches 
using identical tissue types have achieved widespread 
clinical adoption [10–14]. This striking translation gap 
reflects multiple interconnected challenges that extend 
beyond simple technical limitations to encompass ana-
lytical, economic, regulatory, and operational barriers.

Currently, while RNA-based molecular profiling tests 
such as the Pathwork® Tissue of Origin Test achieved 
FDA clearance for FFPE tissues over a decade ago [39–
41], mass spectrometry-based proteomic tests remain 
in various stages of development and validation. Some 
CLIA laboratory-developed tests have been implemented 
in specialized oncology applications, and several tar-
geted MS assays are progressing through various stages 
of regulatory validation, though their timelines for clini-
cal approval remain undetermined. This implementation 
lag reflects systematic challenges in analytical validation, 
clinical utility demonstration, and regulatory pathway 
navigation that distinguish proteomic applications from 
their genomic counterparts [42–44].

A fundamental distinction must be established 
between discovery-based (untargeted) and targeted pro-
teomic approaches, as they represent distinct analytical 
strategies with profoundly different clinical translation 
potential. Discovery proteomics employs comprehensive 
profiling methodologies but faces substantial implemen-
tation challenges including extended analysis times of 
8–12 h per sample, complex data interpretation requiring 
specialized bioinformatics expertise, and poor inter-labo-
ratory reproducibility with coefficients of variation typi-
cally 15% to 36% for protein quantification [42, 45–47]. 
In contrast, targeted proteomics using selected reaction 
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monitoring (SRM/MRM) or parallel reaction monitoring 
(PRM) approaches achieve coefficients of variation below 
15% for optimized assays, analysis times of 15–30 min 
per sample, and the precision, throughput, and validation 
feasibility essential for clinical implementation [48–52]. 
This distinction underlies our conclusion that targeted, 
rather than discovery-based proteomics, represents the 
most viable pathway for clinical translation within realis-
tic timeframes.

The comprehensive analysis of these barriers and 
potential solutions, along with strategic recommenda-
tions for overcoming them, forms the core of this review.

Review objectives and scope
This review critically evaluates the translational potential 
of FFPE proteomics with a specific focus on identifying 
applications that are realistically achievable within the 
next decade. Rather than cataloging all methodological 
innovations, we concentrate on approaches most likely 
to overcome existing barriers and reach clinical imple-
mentation. Our objective is to distinguish between (i) 
surmountable technical challenges, (ii) inherent limita-
tions that require strategic workarounds, and (iii) contex-
tual factors such as regulatory and economic constraints 
that define real-world feasibility. By doing so, we aim to 
provide clinicians, researchers, and diagnostic develop-
ers with a pragmatic understanding of where FFPE pro-
teomics can deliver true clinical impact.

Throughout this review, we distinguish between ‘pro-
teomic diagnostic tests’ (clinical applications for patient 
care), ‘MS-based assays’ (analytical laboratory methods), 
and ‘proteomic analysis’ (research applications). This 
terminology reflects different regulatory and validation 
requirements across application domains.

Fundamental barriers to clinical translation
Molecular basis of Formaldehyde-induced protein 
modifications
The fundamental challenge of FFPE tissue proteomics 
originates from the complex chemical modifications 
induced during formaldehyde fixation, which create 
analytical barriers that distinguish FFPE analysis from 
all other proteomic applications. Formaldehyde, typi-
cally used as a 10% neutral buffered formalin solution 
containing 3.7–4.0.7.0% formaldehyde in phosphate buf-
fer at pH 7.0–7.4.0.4, exists predominantly as methy-
lene glycol (CH₂(OH)₂) in aqueous solution, with only 
a small fraction present as the reactive aldehyde spe-
cies [53–56]. Upon tissue penetration, formaldehyde 
undergoes nucleophilic addition reactions with primary 
amines, particularly the ε-amino groups of lysine resi-
dues and the N-terminal amino groups of proteins, form-
ing hydroxymethyl adducts (methylol groups) that serve 
as intermediates in crosslink formation. These methylol 

intermediates can undergo dehydration to form Schiff 
bases (imines), which, although present at low concen-
trations under physiological pH, are highly reactive elec-
trophiles that drive subsequent crosslinking reactions. 
The predominant crosslinking pathway involves direct 
condensation between methylol adducts and another 
nucleophilic amino group, yielding stable methylene 
bridges (-CH₂-) that constitute approximately 85–95% of 
formaldehyde-induced crosslinks in tissue specimens [55, 
57–60].

The crosslinking chemistry extends beyond simple 
methylene bridge formation to encompass diverse reac-
tion products that create complex three-dimensional pro-
tein networks. Secondary crosslinking pathways include 
Mannich-type reactions between Schiff base intermedi-
ates and electron-rich aromatic amino acids such as tyro-
sine, tryptophan, and histidine, forming heterogeneous 
crosslinks that account for 5–15% of total modifications 
[57, 58]. Extended fixation periods, particularly those 
exceeding 24–48 h, lead to formation of more complex 
structures including dimethylene ether linkages (-CH₂-
O-CH₂-), polymeric formaldehyde adducts, and higher-
order crosslinked networks involving multiple proteins 
[61]. The reaction kinetics are influenced by multiple fac-
tors including temperature, with fixation at room tem-
perature (20–25 °C) proceeding more slowly than at 37 
°C, pH effects where slightly alkaline conditions favor 
Schiff base formation while neutral pH promotes methy-
lol stability, and tissue composition where tissues rich 
in lysine and arginine show more extensive crosslinking 
[62, 63]. These chemical modifications have profound 
implications for protein extraction and analysis, as the 
extensive crosslinking creates a stable protein matrix that 
resists solubilization under conditions that would com-
pletely dissolve fresh tissue proteins (Fig. 1).

.

Pre-analytical variables and their cumulative impact
Cold ischemia time and biomolecular degradation
The period between tissue devascularization and fixation 
initiation, termed cold ischemia time, represents a criti-
cal pre-analytical variable that profoundly impacts pro-
tein integrity and post-translational modification states. 
During this interval, cessation of blood flow triggers 
immediate cellular responses including ATP depletion, 
pH decline from 7.4 to 6.5–6.8, activation of degradative 
enzymes, and initiation of autolytic processes [64]. Phos-
phoproteins are particularly vulnerable to cold ischemia-
induced alterations, with quantitative phosphoproteomic 
studies demonstrating that a substantial proportion of 
phosphorylation sites show significant changes within 
30 min of tissue excision, and some labile phosphoryla-
tion events are completely lost within 10 min [65, 66]. 
The activation of endogenous phosphatases during cold 
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Fig. 1 (See legend on next page.)
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ischemia preferentially dephosphorylates specific signal-
ing proteins, with documented losses exceeding 80% for 
certain pAKT and pERK sites that serve as critical bio-
markers for pathway activation status and therapeutic 
response prediction [66].

Protein degradation during cold ischemia follows pre-
dictable patterns, with specific protein classes showing 
differential susceptibility. Cytoskeletal proteins and met-
abolic enzymes remain relatively stable for 1–2 h, while 
signaling proteins, transcription factors, and cell cycle 
regulators show significant degradation within 30 min 
[65].

The impact of cold ischemia extends beyond simple 
degradation to encompass complex biochemical changes 
that alter the tissue proteome in ways that confound bio-
logical interpretation. Hypoxia-induced activation of 
HIF-1α signaling cascades triggers expression of hypoxia-
responsive proteins within minutes of ischemia onset, 
creating artifactual protein signatures that may be misin-
terpreted as disease-related changes [67]. Cellular stress 
responses activate heat shock proteins, unfolded protein 
response pathways, and autophagy mechanisms that sub-
stantially alter the protein landscape [68, 69]. The release 
of proteases from damaged cells initiates proteolytic cas-
cades that generate protein fragments and neo-epitopes 
not present in vivo.

These ischemia-induced changes show significant vari-
ation across tissue types, with metabolically active tissues 
such as liver and kidney showing more rapid degradation 
than structural tissues like skin or bone. Current guide-
lines recommend limiting cold ischemia to less than 30 
min for phosphoproteomic applications and less than 1 
h for general proteomic analysis, though achieving these 
targets consistently in clinical practice remains chal-
lenging due to surgical logistics and specimen transport 
delays [70].

Fixation parameters and their optimization
The fixation process itself introduces multiple vari-
ables that significantly impact downstream proteomic 
analysis, with fixation duration representing the most 
critical parameter affecting protein extractability and 
modification patterns. Systematic studies examining 

fixation kinetics have demonstrated that formaldehyde 
penetration proceeds at approximately 1 mm per hour at 
room temperature [71], implying that thicker specimens 
require many hours for complete penetration [72, 73]. 
These findings support clinical experience that routine 
specimens often exhibit well-fixed outer rims but poorly-
fixed inner cores after overnight processing.

The temperature during fixation significantly influences 
reaction kinetics: fixation at 4 °C slows crosslinking, 
potentially aiding antigen preservation, while fixation at 
37 °C accelerates crosslinking but may also increase pro-
tein degradation and epitope masking [74, 75].

Buffer composition and pH during fixation create 
additional sources of variability that impact proteomic 
analysis. While 10% neutral-buffered formalin (pH 7.0–
7.4.0.4) represents the standard fixative, variations in 
buffer capacity, phosphate concentration, and pH stabil-
ity can significantly alter fixation chemistry. Acidic pH 
shifts below 6.0, which can occur in unbuffered formalin 
solutions, promote formaldehyde polymerization and 
formation of paraformaldehyde precipitates that create 
heterogeneous fixation patterns [76, 77].

The presence of methanol as a stabilizer in commercial 
formalin (typically ~ 1–2%) may cause protein precipita-
tion independently of crosslinking, particularly affecting 
membrane proteins and hydrophobic domains [76, 77].

Tissue thickness represents another critical variable, as 
specimens exceeding 3–4 mm thickness show gradient 
fixation patterns with peripheral over-fixation and cen-
tral under-fixation, complicating quantitative analysis. A 
minimum 10:1 fixative-to-tissue volume ratio is recom-
mended to optimize fixation uniformity and maintain 
buffer capacity [78, 79].

Long-term storage effects on protein integrity
The stability of proteins in FFPE blocks during long-term 
storage represents a critical consideration for retrospec-
tive biomarker studies utilizing archival specimens. 
Contrary to the assumption that FFPE tissues represent 
stable, inert specimens, mounting evidence demon-
strates progressive molecular changes during storage 
that impact proteomic analysis [80]. Proteins in FFPE 
blocks stored at room temperature undergo continued 

(See figure on previous page.)
Fig. 1  Formaldehyde-induced protein crosslinking mechanisms in FFPE tissues. This diagram outlines the chemical pathways by which formaldehyde 
covalently crosslinks proteins during formalin fixation-a process that preserves tissue architecture but complicates proteomic analysis. In dilute aqueous 
solutions (e.g., buffered formalin), formaldehyde exists predominantly as methylene glycol (CH₂(OH)₂) in rapid equilibrium with the reactive aldehyde 
(CH₂O), the latter driving crosslink formation. The carbonyl carbon of CH₂O undergoes nucleophilic attack by primary amines, most often lysine ε-amino 
groups, yielding hydroxymethyl (methylol) adducts (Protein–NH–CH₂OH). These adducts can reversibly dehydrate to form transient Schiff bases (Protein–
N = CH₂), which, although low in abundance under aqueous neutral pH, are highly electrophilic. Crosslinking proceeds via two main routes: [1] Major 
pathway (≈ 85–95%)-direct reaction of methylol adducts with another primary amine, producing stable methylene bridges (–NH–CH₂–NH–); and [2] 
Minor pathway (≈ 5–15%)-Mannich-type reactions between Schiff bases and electron-rich aromatic residues such as tyrosine, tryptophan, or histidine, 
forming mixed amine–aromatic crosslinks. The resulting covalent network is dominated by methylene bridges between lysine residues, with a smaller 
contribution from aromatic Mannich adducts, providing long-term stabilization of tissue ultrastructure while limiting protein extraction and antigen ac-
cessibility in proteomics workflows
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slow crosslinking reactions, with formation of additional 
methylene bridges and more complex crosslinked struc-
tures that progressively reduce extractability [81].

Quantitative studies have documented a significant 
decline in extractable protein yield from blocks stored at 
room temperature, with accelerated degradation under 
suboptimal conditions including high temperature (>25 
°C), high humidity (>60%), or exposure to light [82]. The 
oxidation of proteins during storage, particularly affect-
ing methionine and cysteine residues, creates additional 
modifications that complicate mass spectrometric analy-
sis and may alter antibody recognition epitopes [80].

The heterogeneous nature of storage-induced changes 
creates systematic biases in retrospective studies com-
paring specimens with different storage histories. Blocks 
stored for more than 10 years show not only reduced total 
protein yield but also altered protein profiles, with prefer-
ential loss of high molecular weight proteins, decreased 
detection of membrane proteins, and accumulation of 
protein fragments from slow hydrolytic degradation [83]. 
Post-translational modifications show differential sta-
bility during storage, with some phosphorylation sites 
remaining stable for years while others, particularly those 
on serine residues, show progressive loss through slow 
hydrolysis [81].

The physical integrity of FFPE blocks also deteriorates 
during storage, with dehydration causing tissue shrink-
age and cracking that creates barriers to uniform protein 
extraction [80]. These storage effects show significant 
variation across tissue types and fixation conditions, 
with well-fixed tissues showing better long-term stability 
than marginally fixed specimens [82]. Recent studies sug-
gest that storage at 4 °C–− 20 °C can substantially reduce 
storage-related degradation, though the vast majority of 
archival specimens have been stored at room tempera-
ture without climate control [81].

While optimization of formalin fixation and storage 
conditions can improve proteomic outcomes, alternative 
fixation technologies have been explored to fundamen-
tally address crosslinking limitations [84].

Analytical variability and reproducibility challenges
Technical variability in FFPE proteomic workflows
The cumulative effect of pre-analytical and analytical 
variables in FFPE proteomics creates levels of techni-
cal variability that substantially exceed those observed 
in fresh tissue or plasma proteomics. Technical variabil-
ity inherent in FFPE proteomic workflows exceeds that 
observed in fresh tissue analysis due to heterogeneous 
fixation conditions across different specimens, pathology 
laboratories, and temporal storage periods, with coeffi-
cients of variation substantially higher than fresh tissue 
approaches [43]. Studies have demonstrated CV values 
of 49–65% for FFPE tissues compared to approximately 

41% for fresh frozen tissues, representing a roughly 1.2–
1.6.2.6-fold increase in variability [80, 85]. This increased 
variability stems from multiple sources throughout the 
analytical workflow.

Protein extraction efficiency shows considerable run-
to-run variation even when using identical protocols, 
attributed to heterogeneous tissue composition, variable 
crosslinking patterns, and incomplete resolubilization of 
protein aggregates [80]. The efficiency of crosslink rever-
sal during extraction shows stochastic variation, with 
some proteins showing consistent extraction while others 
demonstrate substantial variability across technical rep-
licates. Enzymatic digestion efficiency varies significantly 
across samples, influenced by residual crosslinks, pro-
tein aggregation state, and presence of fixation-induced 
modifications that alter protease accessibility, particularly 
affecting lysine residues due to formaldehyde-induced 
methylation [85].

Inter-laboratory reproducibility barriers
The translation of FFPE proteomic biomarkers to clini-
cal practice requires demonstration of inter-laboratory 
reproducibility, yet significant challenges remain in 
achieving consistent results across different sites. Stud-
ies have shown that inter-laboratory coefficients of vari-
ation for FFPE proteomics typically range from 30 to 
60%, exceeding the 20% threshold generally considered 
acceptable for clinical assays [43]. These reproducibility 
challenges arise from multiple, interconnected sources 
of variation that are difficult to standardize across 
laboratories.

At the pre-analytical level, differences in protein 
extraction protocols introduce systematic biases even 
when laboratories nominally follow the same published 
methods. These variations stem from heating equip-
ment calibration differences, buffer preparation preci-
sion, and operator technique variations that compound 
throughout the workflow. Similarly, the use of different 
mass spectrometry platforms and configurations creates 
platform-specific biases in protein detection and quan-
tification. The Clinical Proteomic Technology Assess-
ment for Cancer (CPTAC) studies have demonstrated 
that data-dependent sampling of peptides constitutes a 
stochastic element contributing to variability in discov-
ery proteomics [86]. These comprehensive interlabo-
ratory studies, spanning 144 LC-MS/MS experiments 
across multiple Thermo LTQ and Orbitrap instruments, 
revealed that repeatability and reproducibility varied sig-
nificantly between platforms and laboratories, with each 
analyzer type exhibiting distinct performance character-
istics [87, 88].

Beyond instrumental factors, bioinformatics pro-
cessing represents a major yet often underappreciated 
source of inter-laboratory variation. The computational 
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pipeline introduces variability at multiple levels: different 
laboratories employ varying database search algorithms, 
parameter settings, and false discovery rate control 
methods, which can lead to substantial differences in 
protein identifications from identical raw data [86, 89]. 
Furthermore, the choice of protein inference algorithms, 
normalization methods, and missing value imputation 
strategies adds additional layers of variation that can 
fundamentally alter biological conclusions [90, 91]. Post-
processing decisions—including protein filtering criteria, 
batch effect correction approaches, and statistical analy-
sis methods-create further divergence in final results [92, 
93].

To address these computational challenges, the pro-
teomics community has developed several mitigation 
strategies. Researchers now recommend using multiple 
search engines to improve identification confidence 
[89], performing adequate technical replicates to assess 
measurement precision [86], and employing probabilis-
tic methods for more robust protein inference [94]. The 
development of standardized data formats, open-source 
analytical tools, and centralized data repositories has 
begun to address some of these reproducibility issues, 
though implementation remains inconsistent across 
laboratories.

Despite these inherent challenges, significant progress 
has been made in improving inter-laboratory reproduc-
ibility through systematic standardization efforts. Multi-
center initiatives have focused on harmonizing protocols, 
implementing rigorous system suitability checks, and 
incorporating isotope-labeled standards as internal con-
trols [95–97]. These coordinated efforts have demon-
strated that with proper standardization and real-time 
monitoring of LC-MRM-MS performance through sys-
tem suitability protocols, interlaboratory coefficients of 
variation can be reduced to < 20% for many peptides. 
Such improvements have achieved median intra- and 
interlaboratory reproducibility levels sufficient for most 
biological studies and candidate protein biomarker veri-
fication [98].

However, substantial challenges persist, particularly 
for complex samples like FFPE tissues where the inher-
ent variability of the sample preparation process com-
pounds analytical variability [99]. The combination of 
formaldehyde-induced protein modifications, variable 
crosslinking reversal efficiency, and the stochastic nature 
of data-dependent acquisition creates a particularly chal-
lenging matrix for achieving consistent quantitative 
results across laboratories.

Continued efforts to optimize and validate proteomic 
assays remain essential for clinical translation. These 
include the ongoing development of certified reference 
materials, implementation of harmonized protocols 
across institutions, and establishment of proficiency 

testing programs. Only through such systematic 
approaches to quality assurance can the proteomics field 
meet clinical laboratory standards and enable the suc-
cessful translation of FFPE proteomic biomarkers to rou-
tine clinical practice. The ultimate goal is to transform 
FFPE proteomics from a research tool into a reliable clin-
ical diagnostic platform that can support precision medi-
cine initiatives.

Technological strategies to overcome ffpe 
proteomic barriers
Chemical crosslink reversal strategies
Heat-Induced antigen retrieval approaches
Heat-induced antigen retrieval protocols, originally 
developed for immunohistochemistry, have been suc-
cessfully adapted for proteomic applications through 
systematic optimization of temperature, pH, and buf-
fer composition [1, 54, 83, 100–104]. The application 
of high temperature (95–120 °C) in combination with 
alkaline pH (8.0–9.0) and reducing agents promotes par-
tial reversal of methylene crosslinks through hydrolysis 
reactions while maintaining protein solubility [104, 105]. 
Advanced protocols incorporating guanidine hydro-
chloride-based lysis buffers at 95 °C for 1 h followed by 
80 °C for 2 h have demonstrated extraction of previously 
inaccessible protein populations, particularly nuclear 
and chromatin-associated proteins [105]. Recent devel-
opments from 2020 to 2023 have further refined these 
approaches, with S-Trap micro spin columns combined 
with TMTpro 16plex labeling achieving high-quality 
quantitative proteome analysis at 97 °C for 10 min [103], 
and systematic temperature optimization studies dem-
onstrating that controlled variation between 60 and 100 
°C can reduce extraction time while maintaining protein 
yield [104]. The integration of heat-induced retrieval with 
modern detergent systems has yielded protocols achiev-
ing high protein recovery from FFPE tissues [54, 102], 
though extraction efficiency may still vary compared to 
fresh tissues and may exclude some clinically relevant 
biomarkers.

Enzymatic digestion challenges and optimization
Trypsin cleavage barriers
The enzymatic digestion of FFPE-extracted proteins rep-
resents a critical bottleneck that fundamentally limits the 
sensitivity and comprehensiveness of proteomic analy-
sis (reviewed and discussed in FFPE-methodology com-
parisons) [61, 106]. Trypsin, the predominant protease in 
bottom-up proteomics, cleaves proteins specifically at the 
C-terminus of lysine and arginine residues, generating 
peptides of optimal length (7–25 amino acids) for mass 
spectrometric analysis [107]. However, formaldehyde-
induced modifications at lysine residues create multiple 
impediments to efficient tryptic digestion: formaldehyde 
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chemistry produces methylol adducts, methylations, and 
crosslinks that alter ε-amino groups and neighboring 
residues, and these modifications are frequent enough in 
FFPE material to measurably perturb downstream prote-
olysis and identification [57, 108].

Methylene-type crosslinks and dimeric modification 
products between side chains can physically block trypsin 
access to cleavage sites or change the local chemistry of 
the cleavage site, resulting in missed cleavages that pro-
duce abnormally long peptides suboptimal for LC–MS/
MS [57, 61]. Even when crosslinks are partially reversed 
during extraction, residual methylol or mono-/di-methyl 
modifications at lysine residues substantially reduce tryp-
sin recognition and catalytic efficiency compared with 
unmodified proteins [106, 108]. The three-dimensional 
protein aggregates formed through extensive crosslink-
ing create steric barriers that prevent trypsin access to 
internal cleavage sites; in practice, this often forces FFPE 
workflows to employ longer digestions (commonly over-
night or longer) or accelerated/harsh protocols, such as 
pressure cycling, acoustic, or heat-assisted digestion, 
to approach the digestion completeness typical of fresh 
samples [109, 110].

The consequences of compromised digestion efficiency 
cascade through the analytical workflow. Missed cleav-
ages generate longer peptides, often beyond the ideal 
proteomic mass range, that ionize and fragment poorly 
in MS/MS, reducing identification efficiency and spectral 
quality [111, 112]. The heterogeneous nature of missed 
cleavages, where the same protein may yield different 
peptide patterns across samples depending on modifi-
cation extent, complicates quantitative analysis because 
peptide-level measurements are not directly comparable 
[111, 113]. Database search strategies optimized for fully 
tryptic peptides lose sensitivity when accommodating 
semi-tryptic or non-tryptic matches, as the expanded 
search space reduces identification rates and complicates 
false discovery rate control [113, 114].

Optimization with enzyme-to-substrate ratios
To overcome steric hindrance and chemical modification, 
FFPE workflows often use higher enzyme-to-substrate 
ratios than fresh-tissue protocols. SP3-based methods 
for low-input and FFPE samples may employ sequencing-
grade trypsin at a 1:20 (w/w) enzyme-to-protein ratio to 
maximize cleavage efficiency in the presence of persistent 
crosslinks and aggregates [115]. Other optimized work-
flows, including FASP and direct-digestion approaches, 
frequently apply trypsin or sequential Lys-C/trypsin 
digestion at 1:50 (w/w) ratios with overnight incuba-
tion, with pressure-assisted setups further validating this 
ratio for robust processing under denaturing conditions 
[109, 116, 117]. While bead-based digestion methods 
across proteomics generally span 1:100 to 1:20 ratios, 

FFPE-specific confirmation of values as high as 1:50 
remains limited [118]. Higher enzyme loads can improve 
digestion completeness but increase reagent costs and 
the risk of non-specific proteolysis or trypsin autodiges-
tion, emphasizing the need to balance efficiency with 
reproducibility.

Multi-enzyme approaches and alternative proteases
FFPE tissues are valuable for proteomic studies but pres-
ent challenges due to formaldehyde-induced protein 
modifications. Lysine methylation is the most frequent 
modification in FFPE samples [108], affecting 2–6% of 
peptide-spectrum matches. These modifications sig-
nificantly interfere with isobaric labeling strategies like 
TMT and iTRAQ, which rely on lysine reactivity for 
quantitative multiplexing [103, 108]. The formaldehyde-
induced lysine modifications, including methylation and 
crosslinking, reduce labeling efficiency and potentially 
compromise quantitative accuracy. Precursor mixing in 
isobaric labeling can further distort quantification, neces-
sitating careful optimization of labeling conditions and 
potentially requiring alternative quantification strategies 
that do not depend on lysine reactivity [119, 120].

Despite these challenges, FFPE tissues can yield com-
parable results to frozen samples when using optimized 
protocols [103, 121]. Strategies to improve FFPE pro-
teomics include using MS3 scans to eliminate ratio 
distortion [120, 122] and employing de novo interpreta-
tion to elucidate unspecified modifications [121]. These 
advancements are crucial for leveraging FFPE tissue 
archives in biomarker discovery and clinical research 
[123].

Enzymatic digestion efficiency represents a fundamen-
tal challenge in FFPE proteomic workflows, often result-
ing in missed cleavages and generation of atypically large 
peptides that exceed optimal mass ranges for LC–MS/
MS analysis [124, 125]. This compromised digestibility 
necessitates extended digestion periods (often >18 h) or 
elevated enzyme-to-substrate ratios (>1:20), which can 
introduce non-specific proteolysis and reduce spectral 
quality and quantification accuracy.

To address these digestion and modification challenges 
in FFPE tissues, various multienzyme approaches have 
been explored. Tandem LysC/trypsin digestion improves 
cleavage efficiency over trypsin alone [126], while alter-
native proteases offer complementary cleavage speci-
ficities. LysargiNase, for example, enhances digestion of 
methylated peptides and improves proteome identifica-
tion by 13.4% compared to trypsin alone [125]. RapiGest-
based extraction protocols have also shown improved 
protein recovery and enhanced overlap between FFPE 
and frozen tissue proteomes [54, 106].

Multienzyme digestion protocols-such as sequen-
tial LysC followed by trypsin-generate complementary 
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peptide populations that enhance proteome coverage 
and improve reproducibility and quantification accuracy 
[126, 127]. Proteases like chymotrypsin (targeting aro-
matic residues), elastase, and proteinase K (broad speci-
ficity) have been explored to access regions of crosslinked 
protein networks that are inaccessible to trypsin alone 
[128]. These strategies have demonstrated substantial 
increases in protein identifications under optimized con-
ditions [129, 130]. In specific contexts, sequential diges-
tion with trypsin followed by proteinase K has achieved 
up to a 731% increase in protein identifications, though 
such dramatic gains are not typical in routine workflows 
[131].

However, multienzyme approaches introduce opera-
tional complexity that limits widespread clinical imple-
mentation. Extended processing times, increased reagent 
costs, and the need for precise optimization of enzyme 
combinations and incubation conditions challenge stan-
dardization and regulatory approval. Analytical variabil-
ity introduced by sequential enzymatic steps requires 
careful evaluation, especially when processing specimens 
with diverse fixation histories and tissue characteristics.

While these strategies may not be suitable for routine 
diagnostics requiring rapid turnaround, they hold prom-
ise for specialized clinical applications in biomarker 
discovery and validation, where maximal proteome cov-
erage is essential. Ongoing research into simplification 
and automation may eventually enable broader clinical 
use. Nonetheless, certain enzyme combinations-particu-
larly those involving broad-specificity proteases like pro-
teinase K-can complicate database searching and reduce 
identification confidence, further emphasizing the need 
for careful protocol design.

Alternative fixation technologies
Recent fixation technologies have emerged to address 
traditional limitations while maintaining compatibility 
with proteomic applications. However, clinical adoption 
faces regulatory and practical barriers that limit imple-
mentation. Advanced fixation technologies including 
UMFIX, Glyo-fixx, NEO-FIX, and FineFIX demonstrate 
superior protein preservation characteristics compared 
to conventional formalin fixation [132–134], but lack reg-
ulatory approval for routine diagnostic use and require 
specialized procurement and handling protocols that 
increase operational complexity.

Ethanol fixation demonstrates promise for pro-
teomic applications, yielding protein profiles com-
parable to frozen tissues through preservation via 
dehydration and coagulation without extensive covalent 
crosslinking [135]. However, ethanol fixation produces 
inferior morphological preservation compared to forma-
lin, creating conflicts with standard pathological evalua-
tion requirements.

Glyoxal fixation offers novel approaches with unique 
advantages in tissue processing. Compared to formalde-
hyde (molecular weight 30 Da), glyoxal (molecular weight 
58 Da) is a larger dialdehyde molecule that creates differ-
ent crosslinking patterns. Despite its larger size, glyoxal 
demonstrates efficient tissue penetration and distinct 
reactivity profiles, forming potentially reversible cross-
links that facilitate subsequent molecular analysis [136]. 
Cleavable crosslinkers, including disuccinimidyl tartrate 
(DST) and dithiobis(succinimidylpropionate) (DSP), rep-
resent specialized approaches designed to facilitate sub-
sequent molecular analysis through selective crosslink 
reversal under mild reducing conditions [137] (Table 1).

The choice of fixation method has profound implica-
tions for multi-omic applications. While formaldehyde 
fixation remains the clinical standard, it creates differ-
ential effects across biomolecule classes, with proteins 
showing more extensive modifications than nucleic acids. 
Modern extraction protocols such as AllPrep have been 
developed to enable simultaneous isolation of DNA, 
RNA, and proteins from FFPE specimens [138], though 
differential extraction efficiencies across biomolecule 
classes create systematic biases that complicate integra-
tive analyses [139, 140]. These technical limitations, com-
bined with the computational complexity of multi-omic 
data integration, suggest that single-analyte or focused 
proteomic approaches may be more viable for clinical 
translation than comprehensive multi-omic strategies.

Advanced protein extraction workflows
Pressure-assisted and temperature-controlled extraction 
methods
Recent technological innovations in protein extraction 
have substantially improved protein recovery from FFPE 
tissues, though fundamental limitations persist that 
constrain clinical applicability. Pressure Cycling Tech-
nology (PCT) represents the most significant advance-
ment, employing alternating cycles of high pressure 
(up to 45,000 psi) and ambient pressure to physically 
disrupt crosslinked protein networks while enhancing 
solvent penetration into tissue matrices [157, 158]. Sys-
tematic optimization studies have demonstrated that 
PCT-assisted extraction yields 5,000–8,500 protein iden-
tifications from FFPE specimens, with investigations 
documenting 5,192 proteins from liver specimens and up 
to 8,541 protein groups from various tissue types [157] 
The reported 97% concordance with fresh-frozen tis-
sues in comparative studies represents optimal perfor-
mance under research conditions using abundant tissue 
samples and may not be reproducible with small clinical 
specimens typical of diagnostic practice [159]. The work-
flow depends on proprietary consumables such as PCT 
MicroTubes, MicroCaps, and MicroPestles (≈ $9–$10 
per sample) together with downstream items including 
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S-Trap columns, MS-grade enzymes, and optional iso-
baric tags, which can raise per-sample consumable costs 
to approximately $50–$100. Typical processing times for 
complete tissue-to-peptide preparation range from 3 to 6 
h, which may be incompatible with some clinical work-
flows [109, 160].

Advanced detergent systems and surfactant chemistry
Advanced proteomic analyses of fixed tissues employ 
carefully optimized detergent formulations that substan-
tially exceed traditional SDS-based approaches [161]. 
These specialized formulations incorporate multiple 
surfactant classes with complementary physicochemi-
cal properties to address multifaceted challenges inher-
ent to protein extraction from crosslinked specimens by 
targeting different aspects of crosslinking networks and 
protein solubilization requirements. The strategic com-
bination of ionic, zwitterionic, non-ionic, and acid-labile 
detergents has enhanced protein recovery while main-
taining compatibility with downstream analytical work-
flows, addressing both aggressive solubilization needs 
and mass spectrometry-compatible sample preparation 
requirements.

SDS and sodium deoxycholate (SDC) constitute essen-
tial components in advanced extraction buffers due to 

their exceptional solubilizing capabilities, with system-
atic concentration optimization studies establishing 
that intermediate concentrations of 2–4% w/v provide 
optimal protein extraction efficiency while minimizing 
inhibition of enzymatic activity during subsequent pro-
teolytic digestion. SDC has received particular atten-
tion due to its demonstrated compatibility with protease 
functionality at elevated concentrations, simultaneously 
enhancing protein solubilization and digestion effi-
ciency in single reagent systems [161]. Optimized proto-
cols integrating SDS and SDC have yielded significantly 
increased identification rates for membrane proteins 
compared to conventional methodologies, with quantita-
tive analyses demonstrating 25–40% higher identification 
rates for transmembrane proteins relative to formula-
tions containing exclusively ionic detergents [162, 163]. 
Efficient removal of SDC from peptide solutions can be 
accomplished through acid precipitation or phase trans-
fer techniques, with acid precipitation demonstrating 
superior efficiency and cost-effectiveness for most appli-
cations [164].

The incorporation of zwitterionic detergents, specifi-
cally CHAPS, CHAPSO, and MEGA 10, has produced 
substantial improvements in membrane protein extrac-
tion from fixed specimens for two-dimensional gel 

Table 1  Comparative analysis of chemical fixatives for MS-Based Proteomics 
Fixative Advantages Limitations Application notes MS 

compatibility
Primary 
MS types

Key 
cita-
tions 
(DOIs)

Formaldehyde (FA) • Preserves architecture
• Histology-compatible

• Creates extensive crosslinks 
that require harsh reversal 
conditions
• Blocks tryptic digestion
• Carcinogenic

Requires heat/pressure for 
partial crosslink reversal; 
introduces artifactual 
modifications

Yes (major 
limitations)

LC-MS, 
MALDI-MS

[55, 
57–60]

Glutaraldehyde 
(GA)

• Superior ultrastructure
• Minimal denaturation

• Irreversible lysine crosslinks
• Prevents digestion
• Tissue hardening

EM exclusive; incompatible 
with bottom-up proteomics

No – [141–
144]

Ethanol • Zero crosslinking
• PTM-friendly

• Poor morphology
• Shrinkage

Gold standard for frozen sec-
tions & phosphoproteomics

Yes LC-MS, 
MALDI-IMS

[135, 
145–
147]

Methanol • Optimal precipitation
• MALDI-IMS compatible

• Degrades morphology
• Partial denaturation

Occasionally used in spatial 
proteomics, but ethanol fixa-
tion is preferred

Yes MALDI-
IMS, 
LC-MS

[148–
150]

Glyoxal • Reversible crosslinks
• Faster than FA

• Limited validation
• Antibody incompatibility

Emerging FA alternative; lim-
ited RNA-protein crosslinks 
compared to formaldehyde

Yes (emerging) LC-MS [151, 
152]

DTBP • Reversible amine 
crosslinks

• Not histological
• Requires reduction

Specialized XL-MS for protein 
interactions

Yes (XL-MS only) LC-MS 
(XL-MS)

[153, 
154]

DST • Cleavable crosslinks
• Amine-specific

• Hydrolysis-sensitive
• Complex cleavage

Cleavable by periodate oxi-
dation; XL-MS workflows

Yes (XL-MS only) LC-MS 
(XL-MS)

[137, 
155]

NHS-Ester-Based • Stable amide bonds
• Lysine-specific

• Rapid hydrolysis
• Limited peer-reviewed data

Low independent validation; 
commercial systems only

Limited LC-MS [154, 
156]

This table evaluates chemical fixatives and crosslinking agents for mass spectrometry-based proteomics applications. Traditional histological fixatives 
(formaldehyde, glutaraldehyde, ethanol, methanol) vary significantly in MS compatibility. Emerging alternatives (glyoxal) and NHS-ester approaches require further 
validation. Specialized crosslinking reagents (DTBP, DST) are designed for crosslinking mass spectrometry (XL-MS) to probe protein intervactions rather than tissue 
preservation. Glyoxal May induce RNA-protein crosslinks [136]
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electrophoresis applications [163]. Amidosulfobetaines, 
particularly those with 14–16 carbon alkyl chains, have 
proven effective in extracting previously undetectable 
membrane proteins, while combinations of detergents 
including CHAPS, MEGA 10, and LPC have demon-
strated additive improvements in protein spot number, 
density, and resolution [165]. These advancements have 
been successfully applied to various biological samples, 
including erythrocyte membranes, liver, and brain tis-
sues, and have enhanced protein analysis in MALDI 
imaging mass spectrometry (MALDI-IMS) of fixed tissue 
specimens [163, 166].

RapiGest, ProteaseMAX, and PPS Silent Surfactant 
represent significant methodological advancements for 
fixed tissue proteomics through their unique properties 
addressing multiple analytical challenges simultaneously. 
These specialized detergents provide robust solubilizing 
functionality during extraction and digestion phases but 
undergo selective degradation under mild acidic condi-
tions prior to liquid chromatography-tandem mass spec-
trometry analysis, eliminating potential interference with 
peptide ionization efficiency and chromatographic sepa-
ration. This distinctive property has facilitated develop-
ment of streamlined sample preparation protocols with 
reduced purification requirements, minimizing sample 
loss while enhancing analytical reproducibility when 
working with precious fixed tissue specimens. RapiGest 
has demonstrated superior performance metrics in com-
parative studies, enabling identification of significantly 
more peptides and proteins compared to SDS and PPS 
methodologies without detectable bias regarding peptide 
physicochemical properties, making it particularly valu-
able for comprehensive proteome characterization [167].

Specialized detergent formulations, while offer-
ing superior protein recovery compared to traditional 
approaches, create significant standardization and quality 
control challenges that impact clinical implementation 
feasibility. The complexity of multi-component deter-
gent systems introduces batch-to-batch variability and 
requires careful optimization for different tissue types 
and fixation conditions, making protocol standardization 
difficult for routine clinical applications. The incorpora-
tion of multiple surfactant classes with different physico-
chemical properties can create unpredictable interactions 
affecting extraction efficiency and downstream analytical 
performance in ways that are difficult to predict or con-
trol across diverse clinical specimens. Advanced sur-
factants such as RapiGest and ProteaseMAX represent 
significantly higher reagent costs compared to conven-
tional detergents, while their specialized nature creates 
supply chain dependencies that may compromise labo-
ratory operations. The requirement for careful handling 
and storage conditions for acid-labile surfactants adds 
operational complexity that increases personnel training 

requirements and quality control overhead, creating eco-
nomic and logistical considerations that must be weighed 
against improved analytical performance when evaluat-
ing cost-effectiveness for routine clinical applications.

Quantitative impact on protein recovery and detection
The practical consequences of formaldehyde-induced 
modifications manifest as systematic reductions in pro-
tein recovery that vary significantly across protein classes 
and cellular compartments. For example, Wolff et al. 
demonstrated that longer fixation times (up to 144 h) 
result in reduced protein yield, achieving only around 
66% recovery compared to 6-hour fixation, while older 
archival blocks yield even less with conventional buffers-
though a newer buffer system improved this significantly 
[168].

Membrane proteins are particularly affected due to 
dense lysine content and lipid environment. While not 
always reported explicitly with percentages, receptor 
tyrosine kinases and other surface antigens are known 
to be under-recovered in comparison to cytoplasmic 
proteins-a fact acknowledged in reviews highlighting the 
need for aggressive buffers (e.g., SDS-containing, high 
pH) and heat treatment [169].

These quantitative distortions introduce systematic 
bias, complicating biomarker studies-what appears as dif-
ferential abundance may reflect extraction artifacts, not 
true biological variation. Additionally, extraction effi-
ciency can vary stochastically even for identical protein 
targets, due to variable crosslinking in different cellular 
locales or conformational states [170].

Bottom-up proteomics methodological advances
Methodological evolution and current capabilities
Bottom-up proteomics remains the predominant analyti-
cal strategy for FFPE tissue analysis, with recent advances 
substantially improving its performance despite inherent 
limitations. The established workflow encompasses tissue 
deparaffinization, protein extraction, enzymatic diges-
tion, peptide purification, and LC-MS/MS analysis [171] 
(Fig. 2). Modern implementations have achieved signifi-
cant improvements through systematic optimization of 
each step. Hydrogel-mediated approaches have intro-
duced novel extraction strategies, with enzyme solutions 
containing trypsin (125 ng/µL), TEAB (100 µM), and 
deoxycholate (1%) activated through microwave diges-
tion achieving rapid protein extraction in 2 min at 320 W 
[172]. Recent methodological developments over the past 
decade have systematically addressed these challenges 
through diverse approaches across multiple tissue types 
and analytical platforms (Table 2).

The evolution of sample preparation has addressed 
many historical limitations through integrated work-
flows. Filter-aided sample preparation (FASP) protocols 
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optimized for FFPE tissues now incorporate multiple 
wash steps to remove crosslink reversal reagents, on-filter 
alkylation and reduction for complete cysteine modifica-
tion, and extended digestion times of 18–24 h to accom-
modate reduced enzyme accessibility [83]. Single-pot 
solid-phase-enhanced sample preparation (SP3) using 
carboxylate-modified paramagnetic beads has demon-
strated particular promise, enabling protein cleanup and 
digestion in a single tube with minimal sample transfers, 
reducing losses by 30–50% compared to conventional 
multi-step protocols [115, 173–175]. Suspension trap-
ping (S-Trap) technology combines the benefits of FASP 
and precipitation-based methods, achieving 90% of pro-
tein identifications from matched fresh-frozen tissues 
while reducing processing time to 4–6 h [103].

Direct tissue analysis and microproteomics approaches
Laser capture microdissection (LCM) has transformed 
proteomic analysis of fixed tissues by enabling precise 
isolation of specific cellular populations from heteroge-
neous specimens, addressing fundamental limitations 
of bulk tissue analysis where signals from disparate 
cell types become averaged together [178–180]. This 

technology represents critical advancement for inves-
tigating disease mechanisms at the cellular level, par-
ticularly in complex tissues where bulk analysis would 
obscure cell type-specific molecular alterations crucial 
for understanding disease pathogenesis (Fig. 3). LCM 
has been successfully combined with various molecular 
analysis methods, including proteomics, genomics, and 
transcriptomics [181, 182].

  
LCM systems employ two predominant mechanisms 

for tissue procurement: infrared capture systems utilizing 
thermoplastic films to bond with selected tissue regions, 
and ultraviolet cutting approaches employing focused 
laser energy to excise targeted areas with high precision. 
Comparative studies applied to FFPE tissues demonstrate 
that infrared-based systems typically yield superior pro-
tein recovery and better preserve protein integrity due to 
reduced thermal damage during capture, while ultravio-
let-based approaches offer superior spatial precision for 
isolating morphologically intricate structures [184, 185]. 
Both methodologies show comparable results for phos-
phoprotein preservation, though ultraviolet LCM enables 

Fig. 2  Sequential Workflow for Bottom-Up Proteomics Analysis. Comprehensive workflow for Bottom-Up Proteomics implementation. Initiating with 
sample acquisition from diverse biological matrices, encompassing cultured cell systems, biological fluids, and FFPE tissues (Step 1), tissue undergo de-
crosslinking (Step 2) followed by proteins extraction (Step 3) followed by enzymatic cleavage into constituent peptides, predominantly utilizing tryptic 
digestion (Step 4). The resultant peptide mixtures undergo purification and enrichment procedures to reduce sample complexity and enhance detec-
tion sensitivity (Step 5). High-resolution LC-MS/MS analysis generates peptide fragmentation spectra (Steps 6–7), facilitating peptide identification and 
subsequent protein composition inference. Quantitative analyses proceed through peptide intensity measurements, enabling proteome-wide profiling 
of biological systems (Step 7). This methodology underpins proteome characterization at the peptide level, distinguishing it from top-down approaches 
that analyze intact protein species directly
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Publica-
tion 
year and 
Author(s)

Tissue type(s) Tissue 
process-
ing 
method

Extraction buffer 
composition

Temperature 
and duration of 
extraction

Protein 
analysis 
application(s)

Notes or Observations

2015/
Negm et 
al. [177]

Breast cancer 
tissue

FFPE Q-proteome FFPE Tissue Kit 
(Qiagen); Laemmli buffer

Q-proteome: 100 °C 
for 20 min, 80 °C for 
2 h; Laemmli: 105 °C 
for 20 min or 2 h

RPPA Comparison of protein extrac-
tion methods for RPPA analysis 
of FFPE breast cancer tissues

2016/
Azimi et al. 
[100]

Cutaneous 
squamous cell 
carcinoma 
(cSCC)

FFPE 0.1% w/v RapiGest SF Surfac-
tant in 50 mM triethylammo-
nium bicarbonate (TEAB)

95 °C for 30 min LC-MS/MS Label-free MS-based pro-
teomics for analyzing FFPE 
cSCC tissues

2016/
Broeckx et 
al. [105]

Murine liver/
murine colon/
Human colon

FFPE − 20 mM Tris HCl, 2% SDS, 200 
mM DTT, 20% glycerol, 1% 
protease pH 8.8
- RIPA lysis buffer, 2% SDS, pH 8
−20 mM Tris HCl, 0.5% SDS, 
1.5% CHAPS, 200 mM DTT, 10% 
glycerol, pH 8.8

98 °C for 20 min, 
80 °C for 2 h

GeLC-MS/MS Comparison of multiple protein 
extraction buffers for proteomic 
analysis of FFPE tissues

2018/
Longues-
pée et al. 
[101]

Lung and colon 
adenocarcino-
mas; healthy tis-
sue from skeletal 
muscle, liver, 
kidney, testis, 
myometrium, 
breast, prostate, 
and skin

FFPE MQ water 95 °C for 20 min LC-MS/MS Laser microdissection-based 
microproteomics for small FFPE 
tissue samples

2018/Föll 
et al. [83]

Human tonsil 
mouse kidney

FFPE 0.1% RapiGest SF, 0.1 M HEPES, 
1 mM DTT

95 °C for 4 h LC-MS/MS Comparison of direct trypsiniza-
tion (DTR) and FASP protocols 
for proteomics of FFPE tissues

2019/
Mantsiou 
et al. [178]

Prostate cancer FFPE SDS-based buffer following 
beads homogenization and 
boiling

Boiling LC-MS/MS Characterization of tissue pro-
tein changes associated with 
castration-resistant prostate 
cancer

2019/Tav-
erna et al. 
[173]

Cardiac myxoma 
tissue

FFPE and 
frozen

Hydrogels activated by enzyme 
solution containing 125 ng 
µL − 1 of trypsin, 100 µM TEAB, 2 
mM DTT, and DOC 1% w/v

Microwave diges-
tion: 2 min at 320 W

LC-MS/MS Hydrogel-mediated on-tissue 
proteomic characterization and 
TMT labeling for quantitative 
analysis

2020/
Coscia et 
al. [102]

Ovarian 
cancer, glioma, 
colorectal ad-
enoma, urachal 
carcinoma

FFPE - TFE-based extraction: 
2,2,2-Trifluoroethanol
- RapiGest-based extraction: 
RapiGest SF
- FASP: Filter-Aided Sample 
Preparation

- TFE: Long heating 
(~ 90 min, precise 
temperature not 
specified)
- RapiGest: 80 °C 
for 1 h
- FASP: Room 
temperature

LC-MS/MS Developed a robust, high-
throughput proteomic 
workflow for FFPE tissues, 
demonstrating scalability and 
broad applicability to various 
tumor types.

2020/
Kuras et al. 
[103]

Lung adenocar-
cinoma tissues

FFPE S-Trap micro spin columns; 
TMTpro 16plex labeling for 
quantitative proteomics

97 °C for 10 min 
followed by cooling 
on ice

LC-MS/MS High-quality quantitative pro-
teome and post-translational 
modification analysis of FFPE 
tissues

2021/
Davalieva 
et al. [54]

Prostate cancer 
tissue

FFPE RapiGest SF surfactant; FASP RapiGest extrac-
tion at 80 °C for 
1 h; FASP at room 
temperature

LC-MS/MS Comparative evaluation of two 
methods for LC-MS/MS pro-
teomic analysis of FFPE tissues

Table 2  Advances in Bottom-Up proteomics of FFPE tissues in the last decade 
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Fig. 3  Overview of LCM and downstream analysis. This schematic illustrates the workflow of LCM and its subsequent analytical applications, encompass-
ing proteomics analysis. The process consists of four main components: [1] Sample Preparation, wherein tissue specimens are prepared on specialized 
slides; [2] LCM, which employs a precise laser beam to isolate specific cells or regions of interest from the tissue and collect them in tubes; [3] Downstream 
Analysis, depicting the types of biomolecules that can be analyzed (DNA, RNA, and proteins); and [4] Applications, highlighting three major analytical 
approaches. The proteomics analysis is performed using MS, which generates characteristic intensity versus mass-to-charge (m/z) ratio plots for protein 
identification and quantification. This approach complements other analytical methodologies shown, including transcriptomic analysis through RNA 
sequencing or microarray, and genomic analysis through DNA sequencing, allowing for comprehensive molecular characterization of the microdissected 
samples
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Notes or Observations

2022/
Dressler et 
al. [104]

Urothelial carci-
noma tissue

FFPE Deparaffinization buffers: 
xylene and ethanol; Protein 
extraction buffers: Tris-HCl, pH 
8.0, with SDS; Antigen retrieval 
buffers: citrate buffer, pH 6.0, 
and Tris-EDTA buffer, pH 9.0

Systematic variation 
of temperature 
(60 °C to 100 °C) 
and exposure dura-
tion (10 to 60 min)

Western blot, 
LC-MS

Optimization of preanalytical 
protein extraction to improve 
unbiased protein extraction 
and reduce time and costs

2023/Obi 
et al. [1]

Liver, kidney, 
and lung tissues

FFPE Urea-based buffer (8 M urea, 
2 M thiourea); SDS-based buffer 
(4% SDS in Tris-HCl, pH 7.5)

Urea buffer 
extraction at room 
temperature for 1 h; 
SDS buffer extrac-
tion at 95 °C for 
10 min followed by 
cooling on ice

LC-MS/MS, 
protein arrays

Biomarker analysis of FFPE clini-
cal tissues using proteomics

Comprehensive overview of bottom-up proteomics investigations conducted over the preceding decade, emphasizing FFPE tissue analysis. Documentation 
encompasses diverse tissue types, extraction protocols, buffer compositions, and conditions employed for protein analysis. Featured applications, including LC-MS/
MS and RPPA, demonstrate progression in quantitative proteomics, methodological optimization, and biomarker discovery, providing insights into enhanced 
reproducibility and scalability

Table 2  (continued) 
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faster and more precise sample collection when process-
ing large specimen numbers.

Scale limitations of LCM-based proteomics have been 
progressively addressed through systematic refine-
ments in sample processing workflows optimizing every 
aspect of the analytical pipeline. Early applications typi-
cally required 50,000–100,000 captured cells to achieve 
meaningful proteome coverage, severely limiting analy-
sis to abundant cell populations and making rare cell 
type analysis practically impossible. Contemporary opti-
mized protocols have reduced input requirements by 
more than an order of magnitude through innovations 
across entire workflows, with studies reporting identifi-
cation of 1,500-3,000 proteins from as few as 3,000–5,000 
LCM-captured cells from FFPE tissues [102, 185, 186]. 
Identification rates vary substantially by methodol-
ogy; for example, MALDI-IMS typically yields 200–400 
proteins per section versus 2,000 + via bulk LC-MS/
MS [187]. These advancements result from improve-
ments in extraction buffer efficiency, reduction of surface 
adsorption losses through carrier proteins and optimized 
consumables, and enhanced mass spectrometry instru-
mentation sensitivity.

The reduction in input requirements to 3,000–5,000 
cells, while representing substantial technical progress, 
still exceeds cellular content available in many clinically 
relevant scenarios including micrometastases, rare cell 
populations, or small needle biopsy specimens [178, 186]. 
Protein identification rates of 1,500-3,000 proteins from 
optimized LCM protocols represent only 15–30% of pro-
teome coverage achievable through bulk tissue analysis, 
creating substantial analytical gaps that may miss clini-
cally relevant biomarkers. The manual nature of cellular 
selection creates processing bottlenecks limiting daily 
specimen throughput, while required operator train-
ing and expertise in morphological identification creates 
personnel dependencies unsustainable in routine clinical 
settings. Time-consuming nature of the technique cre-
ate workflow conflicts with clinical diagnostic timelines 
requiring rapid turnaround. Economic barriers extend 
beyond instrument acquisition to include specialized 
consumables creating per-sample costs substantially 
exceeding conventional tissue processing expenses, while 
personnel time requirements may exceed economic 
thresholds acceptable for routine diagnostic applica-
tions compared to established immunohistochemical 
approaches providing targeted protein information with 
proven clinical workflows. Despite these challenges, 
LCM continues to evolve with the integration of artifi-
cial intelligence and automation, offering potential for 
enhanced multi-omic profiling in both research and clini-
cal settings [188].

Mass spectrometry instrumentation advances
Data-Independent acquisition (DIA) strategies
DIA has transformed fixed tissue proteomic analysis 
through systematic fragmentation of all precursor ions 
within predefined mass-to-charge windows, providing 
comprehensive and unbiased proteome sampling that 
proves particularly valuable for degraded or chemically 
modified proteins characteristic of preserved specimen 
matrices [24]. This analytical approach demonstrates 
enhanced quantitative accuracy, precision, and reproduc-
ibility compared to traditional DDA methodologies when 
applied to chemically fixed tissues, effectively addressing 
several critical limitations inherent in conventional ana-
lytical approaches while providing superior analytical 
coverage [25]. The systematic acquisition strategy elimi-
nates the stochastic sampling bias that historically com-
promised the reproducibility of proteomic analyses in 
complex biological matrices, particularly those contain-
ing extensive chemical modifications resulting from fixa-
tion procedures.

DIA generates permanent digital proteome maps that 
enable comprehensive retrospective analysis of cellular 
and tissue specimens without requiring additional sam-
ple preparation procedures, proving particularly valu-
able for precious fixed tissue specimens where sample 
availability may be substantially limited due to clinical 
constraints or specimen scarcity [26, 27]. The systematic 
fragmentation strategy employed ensures that chemi-
cally modified peptides, which might be systematically 
excluded in DDA approaches due to altered chromato-
graphic retention times or modified ionization proper-
ties resulting from fixation-induced chemical alterations, 
are consistently fragmented and can be reliably identified 
through targeted data extraction methodologies. This 
comprehensive analytical coverage provides significant 
advantages for characterizing the complete molecular 
landscape of chemically preserved specimens where con-
ventional approaches may demonstrate systematic biases 
against modified protein species.

Methodological innovations including overlapping iso-
lation windows have substantially improved precursor 
ion selectivity and analytical sensitivity when processing 
complex peptide mixtures generated from chemically 
fixed tissues, wherein extensive chemical heterogeneity 
and modification diversity create particularly challenging 
analytical conditions that compromise conventional ana-
lytical approaches [25]. The unbiased analytical nature 
of DIA provides distinct advantages for fixed tissue 
analysis applications, wherein the complete extent and 
diversity of chemical modifications may not be predict-
able in advance of analysis, thereby enabling comprehen-
sive characterization of the modified proteome without 
requiring prior knowledge of specific modification types 
or target proteins. This analytical capability represents 



Page 17 of 38AlHammadi et al. Clinical Proteomics           (2025) 22:45 

a fundamental advance over targeted approaches that 
require prior specification of analytes of interest.

The computational complexity inherent to DIA analyti-
cal workflows requires specialized bioinformatics exper-
tise that substantially exceeds the technical capabilities 
of most clinical laboratories currently performing rou-
tine molecular diagnostic procedures. Data processing 
workflows demand significant computational resources 
and substantial time investments that create fundamen-
tal conflicts with the rapid analytical turnaround expec-
tations characteristic of clinical diagnostic environments 
where timely results directly impact patient care deci-
sions. The comprehensive nature of DIA data generation, 
while providing substantial advantages for research-ori-
ented applications, creates complex regulatory validation 
challenges as the extensive datasets require sophisticated 
quality control metrics and interpretation frameworks 
not currently established or validated in routine clinical 
practice.

The implementation of DIA approaches for routine 
clinical diagnostic use requires substantial infrastruc-
ture investments that extend significantly beyond stan-
dard proteomic analytical capabilities currently available 
in most healthcare institutions. High-resolution mass 
spectrometry instrumentation capable of optimal DIA 
analytical performance represents a substantial capital 
investment that may exceed the budgetary constraints of 
many clinical laboratories, while the sophisticated com-
putational infrastructure necessary for comprehensive 
data processing and long-term storage creates ongoing 
operational expenses that substantially impact cost-effec-
tiveness analyses. The mandatory requirement for spe-
cialized software licenses and dedicated bioinformatics 
support personnel adds significant operational complex-
ity that may exceed the cost-benefit thresholds accept-
able for routine diagnostic applications, particularly 
when compared to established immunohistochemical 
approaches that provide targeted protein information at 
substantially lower operational complexity and reduced 
infrastructure requirements.

Super-SILAC is an advanced quantitative proteomics 
technique that uses a mixture of SILAC-labeled cell lines 
as an internal standard for analyzing unlabeled sam-
ples, including clinical tissues [189, 190]. This method 
improves quantification accuracy and enables the study 
of complex proteomes, post-translational modifications, 
and biomarkers in various biological systems [191, 192]. 
Super-SILAC has been successfully applied to analyze 
FFPE tissues, overcoming limitations of traditional pro-
teomics approaches and allowing for accurate quanti-
fication of proteins in tumor samples to study disease 
progression and molecular genetic abnormalities [5–7].

However, important limitations must be acknowl-
edged when applying Super-SILAC to clinical FFPE 

tissue analysis. The proteomes of cell lines used to gen-
erate Super-SILAC standards may not fully represent the 
molecular complexity and heterogeneity of clinical FFPE 
tissues, particularly regarding cell-type-specific proteins, 
tissue microenvironment factors, and disease-specific 
protein modifications [8, 193]. This limitation can result 
in incomplete coverage of clinically relevant biomarkers 
and may introduce systematic biases when extrapolating 
quantitative measurements from cell line-based stan-
dards to patient specimens. The analysis of FFPE tissues 
presents additional challenges due to protein modifica-
tions and cross-links, limiting confident identification of 
low-level proteins and biologically relevant modifications 
[194]. Furthermore, the metabolic labeling requirements 
for Super-SILAC generation cannot accommodate the 
post-mortem tissue processing inherent to clinical FFPE 
workflows, limiting its applicability primarily to research 
contexts rather than routine clinical diagnostics. Despite 
these constraints, Super-SILAC’s versatility and robust-
ness make it a valuable tool for biomarker discovery in 
clinical research and studying various biological systems 
[8].

Enhanced sensitivity through ion mobility and improved 
instrumentation
The integration of ion mobility spectrometry (IMS) with 
mass spectrometry has provided an additional dimen-
sion of separation that substantially improves analysis 
of complex FFPE-derived peptide mixtures. Ion mobility 
separates ions based on their collision cross-section in a 
drift gas, providing separation of isobaric peptides, reso-
lution of co-eluting peptides, and reduction of chemical 
noise from contaminants [195]. For FFPE tissues, where 
incomplete digestion and chemical modifications create 
complex peptide mixtures with many near-isobaric spe-
cies, IMS improves analytical performance compared to 
LC-MS alone [195]. High-field asymmetric waveform ion 
mobility spectrometry (FAIMS) combined with parallel 
reaction monitoring has demonstrated improved signal-
to-noise ratios and increased assay sensitivity in FFPE 
tissue analysis for clinically relevant proteins including 
HER2, EGFR, cMET, and KRAS [196].

Trapped ion mobility spectrometry (TIMS) coupled 
with time-of-flight mass analyzers has demonstrated 
particular utility, with the parallel accumulation-serial 
fragmentation (PASEF) technology enabling over 100 
Hz sequencing speeds while maintaining high sensitiv-
ity [197]. TIMS achieves high resolving power (R ∼ 300), 
duty cycle (100%), and efficiency (∼80%) [198]. At a 
resolving power exceeding 250, TIMS reveals features 
otherwise hidden by lower resolution IMS analyzers, 
offering up to 3–8 times greater resolution than modern 
drift tube or traveling wave IMS techniques [199].
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Contemporary high-resolution mass spectrometers 
have achieved performance specifications that address 
many historical limitations in FFPE proteomics. The 
speed and accuracy of TIMS and PASEF enable precise 
measurements of collisional cross-section values at the 
scale of more than a million data points and the devel-
opment of neural networks capable of predicting them 
based only on peptide sequences [197]. Recent advances 
include the timsTOF Ultra 2, which demonstrates excep-
tional capabilities for analyzing FFPE tissue proteins with 
limited sample quantities, enabling precise mapping to 
specific tissue regions [200].

Spatial and targeted proteomics: clinically relevant 
applications
Spatial proteomics technologies with clinical potential
Digital Spatial profiling for multiplexed protein analysis
Digital Spatial Profiling (DSP) represents one of the 
most advanced spatial proteomic research technolo-
gies, enabling simultaneous quantification of 40–100 
proteins (or up to 20,000 RNA targets) within morpho-
logically defined regions of FFPE tissue Sects [201, 202]. 
The technology employs oligonucleotide-conjugated 
antibodies that bind to specific protein targets, followed 
by UV-mediated photocleavage of oligonucleotide tags 
from user-selected regions of interest. Spatial resolution 
depends on region-of-interest (ROI) selection, ranging 
from 10 μm for single-cell analysis to 650 μm for larger 
tissue areas, with most clinical studies utilizing 10–20 μm 
ROIs for cellular-level analysis [203]. The cleaved oligo-
nucleotides are collected and quantified using nCounter 
technology or next-generation sequencing, providing 
digital counts proportional to protein abundance within 
each selected region.

DSP’s key analytical advantages include validated quan-
titative performance with strong correlation to traditional 
IHC (r >0.9 for validated antibodies), superior multiplex-
ing capability measuring 40–100 proteins simultaneously, 
and exceptional analytical precision with coefficients of 
variation below 15% for proteins expressed above back-
ground levels [201, 204]. The technology achieves pro-
tein detection limits of approximately 10–50 molecules 
per cell for abundant targets, enabling analysis of regions 
containing as few as 10–20 cells for investigation of rare 
cell populations and microscopic disease foci [205].

Research applications of DSP have demonstrated sub-
stantial promise in biomarker discovery and immu-
notherapy prediction. The Yale University and 12 de 
Octubre collaboration discovered and independently 
verified CD44 as a candidate biomarker for PD-1 axis 
inhibition treatment in NSCLC. Using GeoMx DSP, 71 
proteins were measured in spatial context, and CD44 
expression in the tumor compartment was identified 
as a predictor of prolonged progression-free survival 

(confounder-adjusted multivariate HR = 0.68, p = 0.043) 
[206]. Additional NSCLC studies identified spatially 
informed biomarkers, with high CD56 and CD4 levels 
in the CD45 compartment predicting clinical outcomes 
(HR: 0.24–0.31, P < 0.011).

DSP’s compatibility with standard FFPE workflows and 
ability to analyze archival specimens make it particularly 
suited for retrospective research studies using existing 
clinical trial cohorts. While standardized research panels 
for immuno-oncology, neurodegeneration, and cell sig-
naling are commercially available, these remain investiga-
tional and are not yet clinically validated for diagnostic 
use [203, 207]. A key limitation is that antibody panels 
are predetermined and fixed, preventing novel biomarker 
discovery beyond pre-selected targets.

However, clinical translation faces challenges including 
specialized instrumentation requirements, CLIA valida-
tion rather than FDA approval for protein applications, 
and need for specialized bioinformatics expertise to man-
age batch effects that can dominate data variation [203].

MALDI imaging mass spectrometry for Label-Free Spatial 
analysis
Matrix-Assisted Laser Desorption/Ionization Imaging 
Mass Spectrometry (MALDI-IMS) enables label-free, 
discovery-based detection of hundreds of proteins while 
preserving tissue architecture and spatial context essen-
tial for understanding disease processes in fixed speci-
mens [208–210]. Unlike targeted approaches requiring 
predetermined protein panels, MALDI-IMS provides 
unbiased protein discovery with direct visualization of 
protein distributions across tissue sections without prior 
target knowledge, addressing fundamental limitations of 
extraction-based proteomics that lose spatial information 
during homogenization [106, 211].

MALDI-IMS excels in spatial resolution and discov-
ery capabilities, typically achieving 10–200 micrometer 
resolution with specialized instruments reaching 5–10 
micrometers under optimized conditions. The technol-
ogy reveals spatial protein gradients, metabolic zonation, 
and drug distribution patterns that cannot be captured 
through targeted multiplexed approaches. Some clini-
cal laboratories already utilize MALDI-IMS for specific 
applications such as glioblastoma subtyping under CLIA 
validation (e.g., specialized neuro-oncology centers and 
academic medical centers with research-focused pathol-
ogy departments), though broader clinical adoption 
remains limited [212, 213].

However, MALDI-IMS faces significant analytical 
limitations that constrain widespread clinical trans-
lation, particularly for FFPE tissues where formalde-
hyde crosslinking reduces peptide recovery efficiency. 
MALDI-IMS faces challenges in protein identification 
due to gas-phase fragmentation inefficiency [214] and 
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ionization suppression effects, which limit detection of 
low-abundance species [215]. Protein identification rates 
from FFPE tissues using MALDI-IMS remain character-
istically limited compared to extraction-based LC-MS/
MS approaches, with studies reporting identification 
of hundreds rather than thousands of proteins per tis-
sue Sect [216]. To address these issues, researchers have 
developed strategies combining MALDI-IMS with sepa-
ration techniques [215] and improved sample prepara-
tion methods [217].

Emerging technical improvements include automated 
matrix application systems and advanced data process-
ing algorithms that enhance reproducibility, though these 
advances have not yet overcome the fundamental limita-
tions for routine clinical implementation. No regulatory 
approval pathways currently exist for MALDI-IMS diag-
nostic applications, requiring extensive validation stud-
ies and standardization before clinical implementation 
becomes feasible.

Integration with digital pathology and clinical Decision-
Making
The integration of spatial proteomic data with histopath-
ological analysis has begun to reshape diagnostic work-
flows, though significant implementation barriers persist. 
Deep learning approaches have demonstrated remarkable 
ability to predict molecular characteristics from mor-
phological features in whole slide images across multiple 
cancer types, potentially identifying cases requiring pro-
teomic analysis [218, 219]. Digital pathology platforms 
incorporating proteomics-derived annotations have been 
developed to highlight regions with specific molecular 
characteristics within routine histological specimens, 
enabling pathologists to visualize molecular information 
alongside traditional morphology [220, 221]. Molecu-
lar tumor boards increasingly utilize these integrated 
approaches to guide personalized therapy decisions, 
particularly for complex cases where standard morpho-
logical assessment proves insufficient [222]. However, the 
clinical utility of these sophisticated platforms remains 
limited by fundamental constraints. Despite technologi-
cal capabilities, spatial proteomic applications have not 
achieved regulatory approval for clinical use. A striking 
discrepancy exists between the effort directed toward 
biomarker discovery and the number of markers that 
make it into clinical practice, with quite often the sci-
entists working on biomarker discovery having limited 
knowledge of the analytical, diagnostic, and regulatory 
requirements for a clinical assay [223]. The number of 
new cancer biomarkers cleared or approved by the US 
FDA is rather limited, with most studies relegating pro-
tein signature analyses to exploratory rather than pri-
mary endpoints in clinical trials. Although technological 
advances are important, clearly defining intended use, 

good study design and appropriate patient specimens are 
critical for the success of FDA approval [224].

The absence of established reimbursement mecha-
nisms for multiparameter spatial analyses creates an 
economic barrier that technological advancement alone 
cannot overcome. A clinically successful device that 
makes it through the regulatory process can still fail 
to be integrated into medical practice if there is no or 
poor reimbursement, therefore it is often important to 
develop a reimbursement strategy early during product 
development and clinical planning [225]. Furthermore, 
the computational expertise required to interpret inte-
grated histopathological and proteomic data exceeds the 
capabilities of most clinical laboratories. Quantitative 
mass-spectrometry-based spatial proteomics involves 
elaborate, expensive, and time-consuming experimental 
procedures, and data analysis is as critical as data pro-
duction for reliable and insightful biological interpreta-
tion [224].

Fine needle aspirate analysis and clinical microproteomics
While fine-needle aspirates (FNA) are not always for-
malin-fixed, their inclusion in this discussion reflects 
emerging efforts to adapt FFPE-compatible analyti-
cal workflows to minimally invasive sampling contexts. 
Many clinical protocols now employ formalin fixation 
for FNA specimens to enable comprehensive molecu-
lar analysis, and the analytical challenges parallel those 
encountered in traditional FFPE tissue processing.

FNA specimens are increasingly utilized for proteomic 
analysis of cancer tissues due to their minimally invasive 
nature and diagnostic value [226, 227]. Proteomic profil-
ing of FNA samples has demonstrated potential in distin-
guishing benign from malignant lesions [228], identifying 
cancer biomarkers [229], and evaluating treatment effi-
cacy [230]. Various techniques have been applied to FNA 
proteomics, encompassing two-dimensional electro-
phoresis, MS [229], and novel methodologies like anti-
body barcoding [230]. Traditional proteomic workflows, 
designed for larger sample amounts, prove ineffective 
for microscale volumes due to substantial protein losses. 
To address this challenge, researchers have developed 
micro-scale techniques compatible with decreased sam-
ple sizes (100 µg or lower) [175]. These encompass single-
tube preparation protocols using trifluoroethanol [231], 
on-microsolid-phase extraction tip (OmSET) method-
ologies [232], and integrated microscale analysis sys-
tems [233]. These approaches minimize sample handling 
steps, reduce processing volumes, and improve protein 
recovery [234]. Such innovations have enabled sensitive 
proteomic profiling of samples containing as few as 200 
− 10,000 cells [235], paving the way for nanoproteomics 
applications [236].
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Single-pot methodologies performing multiple pro-
cessing steps in one vessel have demonstrated par-
ticular value for low-input samples by eliminating 
transfer-associated losses [237]. The SP3 approach has 
been successfully adapted for FNA specimens, enabling 
protein extraction, reduction, alkylation, and digestion 
within a single reaction vessel [115]. Automated sample 
preparation techniques like autoSP3 have been developed 
to improve reproducibility and enable high-throughput 
processing [238]. Novel approaches like nanoPOTS have 
significantly reduced sample losses through utilizing 
nanoliter-scale reactions, allowing deep proteome pro-
filing of as few as 10–100 cells [239]. Alternative single-
pot approaches including iST and FASP adaptations have 
similarly demonstrated utility for fixed FNA proteomics 
when optimized for microscale applications [240].

The integration of proteomic analysis with standard 
cytological evaluation represents a critical requirement 
for FNA specimens, where every cell may be precious for 
diagnosis. Sequential workflows that enable cytological 
examination followed by proteomic analysis of the same 
specimen have been developed to maximize diagnostic 
value of limited FNA material while ensuring cytologi-
cal assessment is not compromised. These approaches 
typically involve careful specimen division, with por-
tions processed for immediate cytological assessment 
while remainder is preserved for subsequent molecu-
lar analysis. Rapid on-site evaluation plays a crucial role 
in ensuring proper sample handling and allocation for 
both morphological and molecular studies [241]. Direct 
on-slide proteomic analysis represents an emerging 
approach eliminating the need to divide precious samples 
between different analytical approaches [242].

Mass spectrometry-based proteomic analysis of thyroid 
FNA specimens with indeterminate cytology has shown 
promise in improving diagnostic accuracy for indetermi-
nate nodules, potentially reducing unnecessary surgeries 
[242, 243]. The application of proteomic approaches to 
pulmonary FNA specimens has demonstrated capability 
to distinguish primary lung adenocarcinoma from meta-
static tumors with similar cytological appearance [244, 
245]. The integration of FNA proteomics with therapeu-
tic selection has demonstrated promise for individualiz-
ing cancer treatment based on protein-level drug target 
assessment and resistance marker quantification [228]. 
Proteomic analysis of breast cancer FNA specimens has 
demonstrated capability to quantify therapeutic targets 
including estrogen receptor, progesterone receptor, and 
HER2, with strong correlation to standard immunohisto-
chemical assessment [246, 247].

Fine needle aspirate proteomics faces fundamental lim-
itations that significantly constrain clinical utility despite 
demonstrated technical capabilities. The extremely 
limited cellularity typical of FNA specimens creates 

analytical challenges that exceed capabilities of current 
proteomic technologies for comprehensive biomarker 
assessment. The reported capability to analyze samples 
containing as few as 200 − 10,000 cells provides limited 
proteome coverage that may miss clinically relevant bio-
markers required for therapeutic decision-making. The 
heterogeneous cellular composition of FNA specimens 
complicates quantitative interpretation and may con-
found biomarker measurements essential for diagnos-
tic accuracy. The reliance on single-pot methodologies 
eliminates opportunities for replicate measurements 
and quality control assessments essential for clinical 
laboratory validation. The specialized instrumentation, 
reagents, and expertise required for microscale pro-
teomic analysis create per-sample costs that substantially 
exceed conventional cytological approaches. Extended 
processing times required for proteomic analysis conflict 
with rapid diagnostic timelines expected for FNA speci-
mens, while complexity of data interpretation exceeds 
capabilities of most clinical laboratories currently per-
forming FNA diagnostics.

Targeted proteomics for clinical translation
Selected reaction monitoring for biomarker validation
SRM, also termed multiple reaction monitoring (MRM), 
represents the most clinically advanced mass spectrom-
etry approach for protein quantification in FFPE tissues, 
offering analytical performance approaching that of clini-
cal immunoassays while providing superior multiplexing 
capability and standardization potential. SRM employs 
triple quadrupole mass spectrometers to specifically 
monitor predetermined precursor-to-product ion transi-
tions corresponding to proteotypic peptides from target 
proteins, achieving exceptional specificity through the 
combination of retention time, precursor mass, and frag-
ment ion selection. For FFPE tissues, SRM can achieve 
high precision (median CV 11–20%) and linearity across 
4–5 orders of magnitude for multiplex quantification of 
50–200 proteins in FFPE samples [96, 248, 249]. The use 
of stable isotope-labeled peptide standards enables abso-
lute quantification with accuracy comparable to immu-
noassays while avoiding antibody-related artifacts [250].

Clinical validation studies have demonstrated the fea-
sibility of SRM-based protein quantification in FFPE tis-
sues for applications including HER2, estrogen receptor, 
and Ki-67 quantification, correlating well with standard 
clinical assays [251–253]. SRM has shown excellent cor-
relation with gene amplification measurements for bio-
markers like HER2 and EGFR in FFPE tissues [251, 254, 
255]. Limits of detection in the attomolar range have 
been reported [252]. SRM offers advantages such as mul-
tiplexing capability, good reproducibility, and potential 
for standardization across laboratories [256]. Standard-
ization efforts and protocol development continue to 
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improve reproducibility across laboratories. SRM’s tar-
geted nature and established mass spectrometry infra-
structure provide advantages for clinical implementation. 
However, challenges remain including assay development 
requirements, limitation to predetermined targets, and 
need for high-quality peptide standards.

Parallel reaction monitoring and emerging targeted 
approaches
Parallel reaction monitoring (PRM) on high-resolution 
mass spectrometers represents an evolution in targeted 
proteomics, combining the specificity of selected reac-
tion monitoring (SRM) with high-resolution detection 
[257, 258]. PRM acquires full MS/MS spectra for tar-
geted precursors, enabling post-acquisition selection of 
optimal transitions and retrospective data analysis [259, 
260]. This approach offers improved selectivity, sensitiv-
ity, and quantification reliability, particularly for complex 
samples like FFPE tissues [261, 262]. For FFPE tissues 
where chemical modifications and incomplete digestion 
create complex backgrounds, PRM’s high mass accuracy 
and ability to extract multiple fragment ions per peptide 
enhance its performance in resolving interferences and 
quantifying low-abundance components [259].

Emerging targeted approaches are addressing limita-
tions of traditional SRM/PRM while maintaining clini-
cal feasibility. These hybrid approaches offer improved 
proteome coverage compared to pure targeted methods 
while maintaining superior quantification performance 
compared to discovery approaches. For FFPE clinical 
applications, these methods enable comprehensive ther-
apeutic target assessment. While PRM shows promise 
for clinical applications and large-scale targeted experi-
ments, its implementation currently requires specialized 
instrumentation and sophisticated data analysis, limiting 
its use to specialized laboratories [259, 262].

Clinical validation and implementation challenges
Systematic failures in biomarker validation
Proteomic biomarker discovery studies often suffer from 
inadequate sample sizes, leading to low statistical power 
and false positive findings [263, 264]. Studies with 40–50 
samples per group can achieve 95% discovery power 
while minimizing false leads [265], though power analy-
sis suggests that six samples per group may provide suf-
ficient statistical power for detecting two-fold protein 
changes [266].

While MS-based assays have demonstrated ana-
lytical capabilities, translation to validated proteomic 
diagnostic tests remains challenging due to systematic 
validation failures. The common practice of optimiz-
ing multi-protein signatures on small discovery cohorts 
without independent validation often leads to severe 
overfitting, where models capture technical noise rather 

than biological signal [140, 267–269]. This overfitting is 
evidenced by the systematic observation that biomarker 
panels with more proteins show worse validation perfor-
mance than single markers [270, 271]. Studies frequently 
employ cross-validation practices that overestimate clas-
sifier performance, with median sensitivity and specific-
ity dropping from 94% to 98% in cross-validation to 88% 
and 81% in independent validation [272].

The development of clinically useful biomarkers is 
hindered by methodological issues and poor reporting 
practices in research studies. Pre-analytical variables like 
fixation time and sample storage can significantly impact 
results [273]. Many studies fail to account for critical fac-
tors such as age, sex, and comorbidities, leading to spuri-
ous associations [274]. Publication bias and inconsistent 
validation criteria further distort the literature [275]. To 
address these issues, guidelines like REMARK have been 
developed to improve reporting standards [276]. How-
ever, adherence remains low, with fewer than 30% of 
studies meeting basic quality criteria [277].

Reverse Phase Protein Arrays (RPPA) represent a 
complementary validation approach for FFPE-derived 
biomarkers, offering high-throughput quantitative pro-
tein analysis with established clinical workflows [278, 
279]. RPPA technology involves printing cellular lysates 
onto nitrocellulose slides, followed by probing with vali-
dated antibodies to quantify specific proteins and post-
translational modifications across hundreds of samples 
simultaneously. This approach demonstrates particu-
lar compatibility with archival tissue analysis because it 
requires minimal sample input (< 5 µg of protein), offers 
sensitive detection of low-abundance proteins, and can 
accommodate the protein degradation and modification 
patterns characteristic of FFPE specimens [279–281]. 
RPPA has proven valuable for validating proteomic 
discoveries in clinical cohorts, providing quantita-
tive measurements that bridge the gap between discov-
ery proteomics and clinical implementation [282, 283]. 
The technology demonstrates high reproducibility and 
robustness, making it suitable for biomarker discovery 
and molecular classification of diseases like breast cancer 
[176]. Its workflows compatible with regulated clinical 
environments and cost-effectiveness compared to mass 
spectrometry-based approaches make it an attractive 
validation platform for FFPE-derived biomarkers before 
advancing to more complex mass spectrometry-based 
clinical assays [279, 282, 284].

Technical reproducibility across platforms and laboratories
The translation of FFPE proteomic biomarkers requires 
demonstration of analytical reproducibility across labo-
ratories and platforms, yet current evidence indicates 
persistent challenges in achieving consistent quantifica-
tion. Multi-center studies confirm that inter-laboratory 
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coefficients of variation for FFPE proteomics typically 
range from 30 to 60%, exceeding clinical acceptability 
thresholds [95, 285]. These challenges stem from plat-
form-specific biases and protocol variations that resist 
standardization.

Mass spectrometry platforms exhibit systematic dif-
ferences in protein detection, with 30–50% variability 
in measured abundance for identical proteins post-nor-
malization. Even nominally identical sample preparation 
protocols introduce site-specific biases due to equipment 
calibration, reagent quality, and operator technique [286].

The complexity of data analysis pipelines creates addi-
tional reproducibility barriers that may exceed wet-lab 
variation. Different laboratories employ varying database 
search algorithms (Mascot, Sequest, MaxQuant, MSFrag-
ger), each with unique scoring systems and parameter 
optimizations that can result in 20–40% differences in 
protein identifications from identical raw data [89]. Pro-
tein inference algorithms that determine which proteins 
are confidently identified from observed peptides show 
poor concordance across platforms, with peptide over-
lap between technical replicates ranging from 35 to 60% 
[86]. Quantification strategies including spectral count-
ing, extracted ion chromatograms, and TMT/iTRAQ 
reporter ions each have distinct biases and error profiles 
that affect reproducibility. Post-processing decisions 
regarding normalization methods, missing value impu-
tation, and batch effect correction introduce additional 
variation that can alter biological conclusions [287]. The 
lack of raw data sharing in most publications prevents 
independent validation of analytical claims, while propri-
etary software and custom scripts create black boxes that 
cannot be reproduced externally. These technical repro-
ducibility challenges are particularly problematic for 
regulatory approval, where analytical validation requires 
demonstration of consistent performance across multiple 
sites and operators.

Regulatory pathways and standardization requirements
Current regulatory landscape for proteomic diagnostics
The FDA has not yet approved any protein-based mul-
tiplex quantitative assays or MS-based protein/peptide 
diagnostic devices, highlighting the significant challenges 
in translating proteomic biomarkers to clinical practice 
[36–38].

The regulatory classification of FFPE proteomic tests 
remains ambiguous, potentially falling under multiple 
categories including Class II (moderate risk) in vitro 
diagnostics requiring 510(k) clearance, Class III (high 
risk) devices requiring premarket approval (PMA), 
laboratory-developed tests (LDTs) subject to evolving 
regulatory oversight, or companion diagnostics requir-
ing co-development with therapeutic agents. Each path-
way has distinct requirements for analytical validation, 

clinical validation, and quality systems that substantially 
impact development timelines and costs [37, 288].

The FDA requires extensive clinical studies to demon-
strate safety and effectiveness for new diagnostic tests, 
particularly those without predicate devices. This process 
can be time-consuming and costly, creating barriers to 
investment and commercial development [37]. Regula-
tory hurdles can negatively impact patient care and hos-
pital finances [289]. To address these challenges, efforts 
have been made to develop mock 510(k) documents and 
improve dialogue between researchers and regulators 
[290–292]. Collaboration between the FDA and the clini-
cal MS community could improve validation and regula-
tory review processes [38, 288]. Despite the difficulties, 
the potential impact of proteomic diagnostics on patient 
care makes continued efforts worthwhile [293].

Standardization initiatives and quality control frameworks
Multiple initiatives have emerged to address standardiza-
tion challenges in FFPE proteomics, though implemen-
tation remains fragmented and incomplete. The Human 
Proteome Organization’s Proteomics Standards Initia-
tive (HUPO-PSI) has developed data standards includ-
ing mzML for raw mass spectrometry data, mzIdentML 
for peptide and protein identifications, and mzQuantML 
for quantitative measurements, enabling data exchange 
between laboratories and software platforms [294, 295]. 
However, adoption remains incomplete, with many labo-
ratories using proprietary formats that prevent data shar-
ing and independent validation.

The Clinical Proteomic Tumor Analysis Consortium 
(CPTAC) has established standardized protocols for 
FFPE tissue processing, protein extraction, and mass 
spectrometry analysis, demonstrating feasibility of pro-
tocol standardization (Table 3). CPTAC developed a 
common data analysis pipeline to reduce variability in 
proteomics data processing [296] and created public 
repositories for proteomics data, assays, and antibodies 
[297–299]. To facilitate widespread adoption of targeted 
mass spectrometry assays, CPTAC launched an Assay 
Portal with detailed protocols and performance data 
[300].

Complementary advances in sample processing, 
such as the AllPrep methodology enabling simultane-
ous extraction of DNA, RNA, and proteins from single 
FFPE specimens [138], and recent developments like the 
HYPERsol method have enabled high-quality protein 
extraction and analysis from archival samples [102, 301]. 
However, the computational complexity of these inte-
grated approaches and their infrastructure requirements 
continue to exceed most clinical laboratory capabilities, 
limiting their translation to specialized reference centers.

These developments demonstrate the feasibility of 
standardized protocols for large-scale clinical proteomics 



Page 23 of 38AlHammadi et al. Clinical Proteomics           (2025) 22:45 

Framework Lead 
organization

Technical 
scope

Primary protocols/SOPs Performance 
standards 
(Evidence-Based)

Adoption status Analytical 
benefits

Verified 
sources

NCI 
Biospecimen

NCI Bioreposi-
tory Research 
Network

Pre-analytical 
variables (cold 
ischemia, 
fixation)

NCI Best Practices v2.0 (2016) Storage: ≤ − 70 °C 
(§ 4.1.1); IHC: CAP 
ANP.22,900— 
“comparable 
staining” required

Widely imple-
mented in CAP-
accredited labs

↓28–35% 
pre-
analytical 
variability 
(DNA/RNA 
focus)

- NCI Best 
Practices v2.0 
(2016)
​h​t​t​p​​s​:​/​​/​b​i​o​​s​p​​
e​c​i​​m​e​n​​s​.​c​a​​n​
c​​e​r​.​​g​o​v​​/​b​e​s​​t​
p​​r​a​c​​t​i​c​​e​s​/​2​​0​
1​​6​-​N​​C​I​B​​e​s​t​P​​r​
a​​c​t​i​c​e​s​.​p​d​f
- BRD SOP 
Portal (Gen-
eral Access)
https://brd.
nci.nih.gov/
brd/
- CAP 
Guidelines

CPTAC 
Proteomics

NCI CPTAC 
Consortium

FFPE protein 
extraction and 
LC-MS/MS

PCT-SWATH SOP v3.1 Median CV: 
8–12% (CPTAC 
2020 data); 
Peptide yield: 
↑22% (median) vs. 
standard

53 sites (incl. 9 
international 
partners)

Optimized 
FFPE 
recovery; 
tissue-spe-
cific yield 
gains

- CPTAC 
Assay Portal
​h​t​t​p​​s​:​/​​/​a​s​s​​a​y​​
s​.​c​​a​n​c​​e​r​.​g​​o​v​​
/​a​v​a​i​l​a​b​l​e​_​a​
s​s​a​y​s
- CPTAC 
Program 
Overview
​h​t​t​p​​s​:​/​​/​p​r​o​​t​e​​
o​m​i​​c​s​.​​c​a​n​c​​e​
r​​.​g​o​​v​/​p​​r​o​g​r​​a​
m​​s​/​c​p​t​a​c

NIST SRM 1950 NIST Metrology 
Group

Plasma 
biomarker 
quantification

SRM 1950 Certificate v3.1 
(2023)

CV: 8.2–11.7% 
for 37 certified 
metabolites only

Widely adopted 
(850 + citations)

SI-
traceable 
values 
for 107 
analytes

- Certificate 
of Analysis 
(2023)
​h​t​t​p​​s​:​/​​/​t​s​a​​p​
p​​s​.​n​​i​s​t​​.​g​o​v​​/​
s​​r​m​e​​x​t​/​​c​e​r​t​​
i​f​​i​c​a​t​e​s​/​1​9​5​
0​.​p​d​f
- NIST 
SRM 1950 
Database
https://
srm1950.nist.
gov/

ISO 15189:2022 ISO/TC 212 Clinical MS 
validation

ISO 15189:2022 Labs de-
fine criteria 
(§ 5.5.1.4); CLIA: 
HbA1c ≤ 15%, 
Troponin ≤ 25% 
(example tests)

Mandated in 
47 ILAC-MRA 
countries

Harmo-
nized LDT 
validation 
require-
ments

ISO Standard
​h​t​t​p​​s​:​/​​/​w​w​w​​
.​i​​s​o​.​​o​r​g​​/​s​t​a​​n​
d​​a​r​d​/​7​6​6​7​7​.​
h​t​m​l

Table 3  Standardization initiatives in FFPE tissue proteomics. 

https://biospecimens.cancer.gov/bestpractices/2016-NCIBestPractices.pdf
https://biospecimens.cancer.gov/bestpractices/2016-NCIBestPractices.pdf
https://biospecimens.cancer.gov/bestpractices/2016-NCIBestPractices.pdf
https://biospecimens.cancer.gov/bestpractices/2016-NCIBestPractices.pdf
https://biospecimens.cancer.gov/bestpractices/2016-NCIBestPractices.pdf
https://biospecimens.cancer.gov/bestpractices/2016-NCIBestPractices.pdf
https://brd.nci.nih.gov/brd/
https://brd.nci.nih.gov/brd/
https://brd.nci.nih.gov/brd/
https://assays.cancer.gov/available_assays
https://assays.cancer.gov/available_assays
https://assays.cancer.gov/available_assays
https://assays.cancer.gov/available_assays
https://proteomics.cancer.gov/programs/cptac
https://proteomics.cancer.gov/programs/cptac
https://proteomics.cancer.gov/programs/cptac
https://proteomics.cancer.gov/programs/cptac
https://tsapps.nist.gov/srmext/certificates/1950.pdf
https://tsapps.nist.gov/srmext/certificates/1950.pdf
https://tsapps.nist.gov/srmext/certificates/1950.pdf
https://tsapps.nist.gov/srmext/certificates/1950.pdf
https://tsapps.nist.gov/srmext/certificates/1950.pdf
https://srm1950.nist.gov/
https://srm1950.nist.gov/
https://srm1950.nist.gov/
https://www.iso.org/standard/76677.html
https://www.iso.org/standard/76677.html
https://www.iso.org/standard/76677.html
https://www.iso.org/standard/76677.html
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studies using both fresh and FFPE tissue samples, though 
implementation requires extensive training and quality 
control infrastructure.

The development of reference materials for FFPE pro-
teomics remains a critical gap limiting standardization 
efforts. While NIST has developed SRM 1950 (human 
plasma) as a reference standard with certified values for 
107 analytes, no equivalent exists for FFPE tissues (Table 
3). Efforts to develop FFPE reference materials face chal-
lenges including heterogeneity of tissue composition 
preventing true homogenization, lot-to-lot variation in 
commercial cell line-derived FFPE blocks, inability to 
certify protein concentrations due to extraction variabil-
ity, and lack of commutability between reference mate-
rials and clinical specimens [43, 104]. Quality control 

frameworks adapted from clinical chemistry, including 
Westgard rules for analytical run acceptance, Levey-
Jennings charts for trend monitoring, and external qual-
ity assessment schemes [303, 304], have been proposed 
for proteomic applications but require modification to 
address unique challenges including the high-dimen-
sional nature of proteomic data, absence of true nega-
tive controls, and difficulty establishing clinically relevant 
acceptance criteria [304, 305]. The implementation of 
these quality systems requires resources and expertise 
that many laboratories lack, creating barriers to wide-
spread adoption of standardized protocols.

Framework Lead 
organization

Technical 
scope

Primary protocols/SOPs Performance 
standards 
(Evidence-Based)

Adoption status Analytical 
benefits

Verified 
sources

HUPO-PSI 
MIAPE

HUPO Pro-
teomics Stan-
dards Initiative

Experimental 
metadata 
standards

MIAPE v1.3 68.7% mandatory 
field completion 
(ProteomeX-
change, 2023)

Required by jour-
nals (e.g., Nature 
Biotech)

FAIR data 
compli-
ance; 
meta-
data for 
reanalysis

- HUPO-PSI 
Main Site
https://www.
psidev.info/
- MIAPE 
Guidelines
​h​t​t​p​​s​:​/​​/​w​w​w​​
.​p​​s​i​d​​e​v​.​​i​n​f​o​​/​
m​​i​a​p​e

GeoMx Spatial NanoString 
Technologies

FFPE spa-
tial protein 
mapping

GeoMx® DSP v3.0 Resolution: 
10–20 μm (1–10 
cells); ROI CV < 7% 
for high-abun-
dance targets

12 + spatial 
omics core 
facilities (e.g., MD 
Anderson)

Single-
cell-type 
ROI in 
archival 
FFPE

- GeoMx Pro-
tein Assays
​h​t​t​p​​s​:​/​​/​n​a​n​​o​
s​​t​r​i​​n​g​.​​c​o​m​/​​p​
r​​o​d​u​​c​t​s​​/​g​e​o​​
m​x​​-​d​i​​g​i​t​​a​l​-​s​​p​
a​​t​i​a​​l​-​p​​r​o​f​i​​l​e​​r​/​
g​e​o​m​x​-​p​r​o​t​e​
i​n​-​a​s​s​a​y​s​/
- Digital Spa-
tial Profiling 
Technology
​h​t​t​p​s​:​​​/​​/​n​a​n​
o​s​​t​r​i​​n​​g​.​​c​o​​m​​
/​b​​l​​o​​g​/​d​i​​g​i​t​​​a​
l​​-​s​p​a​t​​i​a​l​-​p​r​o​f​
i​l​i​n​g​/

This table summarizes key initiatives and regulatory frameworks that have advanced reproducibility, quality control, and clinical translation in mass spectrometry-
based proteomics of FFPE tissues. The NCI best practices for biospecimen resources provide sops for pre-analytical variables including cold ischemia and fixation 
protocols, with quality metrics for storage temperature (≤ − 70&nbsp;°C) and IHC validation requirements. The CPTAC proteomics sops offer FFPE-optimized 
extraction and LC-MS/MS workflows validated across 53 consortium sites, reporting median CVs of 14.7% and 22% improvements in peptide yield. The NIST 
reference materials program supports inter-laboratory comparability using plasma biomarker quantification standards such as SRM 1950, providing SI-traceable 
values for 107 analytes with CVs of 8.2–11.7% for certified metabolites. ISO 15189:2022 defines quality management requirements for clinical laboratories, with 
widely accepted performance criteria including ≤ 15% total error for routine clinical assays such as HbA1c. The HUPO-PSI MIAPE guidelines standardize proteomics 
experimental metadata reporting, achieving 68.7% mandatory field completion in proteomexchange submissions and enabling FAIR data compliance. Finally, 
emerging Spatial FFPE proteomics initiatives using technologies such as GeoMx digital Spatial profiler are Establishing workflows for high-resolution protein 
mapping at 10–20&nbsp;μm Spatial resolution with ROI CVs < 7%, enabling single-cell-type analysis from archival FFPE tissues

Abbreviations: CAP, college of American Pathologists; CPTAC, clinical proteomic tumor analysis Consortium; CV, coefficient of variation; DSP, digital Spatial 
profiler; FAIR, Findable, Accessible, Interoperable, and Reusable; FFPE, formalin-fixed, paraffin-embedded; HbA1c, hemoglobin A1c; HUPO-PSI, human proteome 
organization-Proteomics standards Initiative; IHC, immunohistochemistry; ILAC-MRA, international laboratory accreditation Cooperation mutual recognition 
Arrangement; ISO, international organization for standardization; LC-MS/MS, liquid chromatography-tandem mass spectrometry; MIAPE, minimum information 
about a proteomics Experiment; NCI, National cancer Institute; NIST, National Institute of standards and Technology; ROI, region of interest; SI, international system 
of Units; SOP, standard operating procedure; SRM, standard reference material

Table 3  (continued) 
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https://www.psidev.info/
https://www.psidev.info/miape
https://www.psidev.info/miape
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https://nanostring.com/products/geomx-digital-spatial-profiler/geomx-protein-assays/
https://nanostring.com/products/geomx-digital-spatial-profiler/geomx-protein-assays/
https://nanostring.com/products/geomx-digital-spatial-profiler/geomx-protein-assays/
https://nanostring.com/products/geomx-digital-spatial-profiler/geomx-protein-assays/
https://nanostring.com/products/geomx-digital-spatial-profiler/geomx-protein-assays/
https://nanostring.com/products/geomx-digital-spatial-profiler/geomx-protein-assays/
https://nanostring.com/blog/digital-spatial-profiling/
https://nanostring.com/blog/digital-spatial-profiling/
https://nanostring.com/blog/digital-spatial-profiling/
https://nanostring.com/blog/digital-spatial-profiling/
https://nanostring.com/blog/digital-spatial-profiling/
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Economic considerations and healthcare 
integration
Cost-Effectiveness analysis of FFPE proteomics
Direct and indirect economic barriers
The economic challenges facing FFPE proteomics extend 
beyond simple cost comparisons to encompass funda-
mental questions about value proposition and return 
on investment in resource-constrained healthcare sys-
tems. Historical cost analyses have reported immuno-
histochemistry costs of $150 per antibody in academic 
hospital settings [306], though contemporary proteomic 
workflows require substantially higher investments cov-
ering complex multi-step processes from sample prepa-
ration through extensive bioinformatics analysis. Capital 
investment requirements create substantial barriers to 
implementation, with clinical-grade mass spectrometry 
systems ranging from mid-range instruments ($400,000–
1,000,000) to high-end systems exceeding $1.5 million, 
plus ongoing operational expenses including annual ser-
vice contracts and necessary ancillary equipment.

A streamlined mass spectrometry-based proteomics 
workflow for large-scale FFPE tissue analysis has demon-
strated improved throughput and analytical consistency 
[102], while high-throughput workflows using adaptive 
focused acoustics technology have shown feasibility for 
scaling FFPE analysis [307]. Recent advances in compre-
hensive micro-scaled proteome and phosphoproteome 
characterization have enabled deep coverage from small 
FFPE biopsy specimens [116].

The indirect costs of FFPE proteomics implementa-
tion often exceed direct expenses and include personnel 
requirements that reflect the specialized nature of clini-
cal laboratory operations. Recent American Society for 
Clinical Pathology wage surveys document the current 
compensation levels for clinical laboratory profession-
als [308], while longitudinal analyses of clinical labora-
tory economics demonstrate that labor costs represent a 
substantial and growing component of total operational 
expenses [309]. Economic analyses of clinical laboratory 
operations indicate that cost containment efforts must 
balance individual patient needs with limited societal 
resources [310]. The specialized expertise required for 
FFPE proteomics necessitates additional personnel cat-
egories including MS-qualified operators, bioinformati-
cians, and medical directors with proteomics expertise, 
each commanding premium compensation due to their 
specialized skills. Training and competency assessment 
requires substantial time investment for technical staff, 
and ongoing proficiency testing participation represents 
recurring operational expenses. Laboratory information 
system integration, often overlooked in cost projections, 
requires custom development to enable sample tracking, 
result reporting, and clinical decision support. Validation 
costs for each new biomarker panel represent substantial 

investments, with the biomarker development pipeline 
facing significant economic barriers that contribute to 
the high failure rate in clinical translation [140]. These 
economic barriers are particularly challenging for smaller 
healthcare systems, as cost-effectiveness considerations 
increasingly influence reimbursement decisions and clin-
ical adoption [37].

Reimbursement challenges and market dynamics
The absence of established reimbursement mechanisms 
for FFPE proteomic tests represents a fundamental bar-
rier to clinical adoption that technology alone cannot 
overcome [311]. Current Procedural Terminology (CPT) 
codes for mass spectrometry focus on drug testing and 
therapeutic drug monitoring, with no specific codes 
for tissue-based proteomic analysis beyond basic pro-
tein identification [311]. Attempts to use miscellaneous 
molecular pathology codes result in inconsistent reim-
bursement ranging from $100–500, often below the cost 
of test performance [312]. The complex multi-analyte 
algorithmic assays (MAAA) pathway potentially appli-
cable to proteomic panels requires extensive clinical vali-
dation and utility evidence that few tests have achieved 
[313]. Private payer coverage determinations remain 
highly variable, with most considering FFPE proteomics 
investigational and denying coverage absent compelling 
clinical utility data [314].

The demonstration of clinical utility sufficient for reim-
bursement requires evidence that proteomic testing 
improves patient outcomes or changes clinical manage-
ment in ways that justify additional costs. Randomized 
controlled trials comparing proteomic-guided treatment 
to standard care, while ideal, are prohibitively expensive 
($10–50 million) and require 5–10 years to complete 
[315, 316]. Observational studies and decision model-
ing provide weaker evidence often considered insuffi-
cient by payers [317]. The rapid evolution of proteomic 
technology creates moving targets for validation studies, 
as improved methods may obsolete clinical trials before 
completion.

Healthcare system integration challenges
Workflow integration and operational considerations
The integration of FFPE proteomics into existing clini-
cal laboratory workflows presents operational challenges 
that extend beyond technical performance to encompass 
fundamental incompatibilities with established diagnos-
tic processes. Current anatomic pathology workflows 
are optimized for rapid turnaround of histological diag-
nosis, with most routine cases requiring 24–48 h from 
specimen receipt to final report [318], while comprehen-
sive proteomic analysis requires 3–5 days minimum for 
sample preparation, MS analysis, and data interpretation. 
This timeline discordance creates workflow bottlenecks 
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where proteomic results arrive after critical treatment 
decisions have been made, limiting clinical utility for 
time-sensitive diagnoses. The requirement for special-
ized sample handling including immediate freezing for 
phosphoproteomics, precise control of fixation time, and 
careful documentation of pre-analytical variables con-
flicts with routine pathology practices where specimens 
may experience variable processing depending on arrival 
time and workload.

The physical infrastructure requirements for pro-
teomics create additional integration challenges. Despite 
MS advantages in specificity and sensitivity, MS-based 
protein analysis faces challenges in widespread clini-
cal adoption due to specialized instrumentation, envi-
ronmental controls, and space requirements [319, 320]. 
Automation and integration into existing laboratory 
workflows are crucial for overcoming these barriers 
[319]. Integration with laboratory information systems 
designed for discrete test results struggles with the com-
plex, multidimensional data generated by proteomics, 
requiring custom interfaces and reporting mechanisms 
that IT departments may lack resources to develop and 
maintain. The disconnect between pathology and clini-
cal chemistry organizational structures in most hospitals 
creates administrative barriers, as proteomics bridges 
traditionally separate departments with different accredi-
tation requirements, quality systems, and management 
structures.

Clinical decision support and result interpretation
The translation of complex proteomic data into action-
able clinical information represents a fundamental chal-
lenge that current healthcare information systems are 
not equipped to address [321, 322]. This challenge is 
compounded when considering multi-omic integration, 
where metabolomic and proteomic analyses reveal that 
post-translational modifications can dynamically regulate 
cellular metabolism without altering protein abundance 
[323, 324], adding layers of complexity beyond simple 
protein quantification. While specialized extraction 
methodologies now enable simultaneous recovery of pro-
teins and metabolites from FFPE tissues, the integration 
and interpretation of these multi-dimensional datasets 
require computational infrastructure and expertise that 
exceed the capabilities of clinical laboratories focused on 
routine diagnostic testing [325]. Unlike genetic variants 
with established databases (ClinVar, COSMIC) or IHC 
results with defined scoring systems, protein expression 
data lacks standardized interpretation frameworks that 
enable consistent clinical decision-making. The continu-
ous nature of protein expression measurements requires 
establishment of clinically relevant thresholds that may 
vary across populations, disease stages, and treatment 

contexts, yet no consensus exists for determining these 
cutoffs.

The education and training requirements for appropri-
ate utilization of proteomic information exceed current 
pathology and oncology curricula. Clinicians require 
understanding of mass spectrometry principles, protein 
biochemistry, statistical methods for multi-analyte inter-
pretation, and integration of proteomic with genomic 
and clinical data. The absence of clinical decision support 
tools that synthesize proteomic findings with other diag-
nostic information means that physicians must manually 
integrate complex datasets, a cognitive burden that may 
lead to underutilization or misinterpretation. The lack 
of outcomes data demonstrating that proteomic-guided 
treatment improves patient survival or quality of life 
makes it difficult for clinicians to justify the additional 
complexity and cost of proteomic testing. Current elec-
tronic health records are not designed to capture, display, 
or trend proteomic data over time, preventing longitudi-
nal analysis that might reveal treatment response or resis-
tance patterns [326]. These interpretation and integration 
challenges create a chicken-and-egg problem where lim-
ited clinical use prevents accumulation of outcome data 
needed to develop interpretation guidelines and decision 
support tools.

Strategic pathways for successful clinical 
translation
Identifying High-Impact clinical applications
Criteria for selecting viable translation targets
The successful clinical translation of FFPE proteomics 
requires strategic focus on applications where unique 
analytical capabilities provide definitive clinical value 
that cannot be achieved through existing methods. Pri-
ority applications should meet multiple criteria including 
addressing unmet clinical needs where current diagnos-
tics show poor performance, providing actionable infor-
mation that changes patient management, demonstrating 
superior analytical performance compared to existing 
methods, showing feasibility within current laboratory 
infrastructure, and offering clear paths to regulatory 
approval and reimbursement. Based on these criteria, 
several applications emerge as promising candidates for 
near-term implementation. The quantification of thera-
peutic targets in oncology, particularly receptor tyro-
sine kinases and immune checkpoints, represents an 
area where mass spectrometry’s superior quantification 
and multiplexing capabilities could improve therapeutic 
selection compared to semi-quantitative IHC [255, 327, 
328]. Minimum residual disease detection in hematologic 
malignancies, where proteomic markers might comple-
ment flow cytometry and molecular methods, offers 
potential for improved sensitivity and standardization 
[329, 330]. The identification of resistance mechanisms in 
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targeted therapy, where post-translational modifications 
and pathway rewiring cannot be detected genomically, 
provides unique value for proteomics [331, 332].

Priority applications should meet multiple criteria 
including addressing unmet clinical needs where current 
diagnostics show poor performance, providing action-
able information that changes patient management, dem-
onstrating superior analytical performance compared 
to existing methods, showing feasibility within current 
laboratory infrastructure, and offering clear paths to reg-
ulatory approval and reimbursement. Importantly, appli-
cations requiring complex multi-omic integration should 
be avoided for initial implementation, as studies demon-
strate that even with advanced tools for proteogenomic 
analysis, the correlation between genomic variants and 
protein expression remains limited, with less than 20% 
of variants typically confirmed at the protein level [333]. 
This reinforces the importance of focusing on direct pro-
teomic measurements rather than complex integrative 
approaches for near-term clinical applications [334].

The common mistake of pursuing technologically 
impressive but clinically marginal applications has con-
tributed to the field’s translation failures. For example, 
attempting to replace established IHC markers with 
MS-based quantification offers limited value unless sub-
stantially superior performance can be demonstrated. 
Similarly, pursuing complex multi-omic integration 
before establishing utility of proteomics alone creates 
unnecessary complexity that delays translation. The focus 
should remain on applications where proteomics pro-
vides unique, actionable information that justifies addi-
tional complexity and cost.

Targeted panels versus comprehensive profiling
Targeted panels focusing on 20–100 carefully selected 
proteins are more suitable for clinical implementation 
due to reduced instrumentation requirements and faster 
turnaround times [335]. While progress has been made 
in developing reliable quantitative assays for plasma pro-
tein biomarkers, challenges remain in clinical validation 
and widespread adoption [322, 336]. Successful exam-
ples from related fields, such as the Oncotype DX gene 
expression panel, demonstrate that focused biomarker 
panels can achieve clinical adoption and impact patient 
care despite measuring fewer analytes than comprehen-
sive approaches [116]. For FFPE proteomics, targeted 
panels for specific clinical indications such as breast 
cancer subtyping, lung cancer therapeutic selection, or 
colorectal cancer prognosis assessment offer the most 
viable path to near-term implementation.

Comprehensive profiling, while scientifically appealing 
and valuable for discovery research, faces insurmount-
able barriers for routine clinical use in the foreseeable 
future. The analytical complexity of measuring thousands 

of proteins creates validation requirements that exceed 
practical feasibility, with each protein requiring indi-
vidual validation across relevant sample types and clini-
cal conditions. The data interpretation challenge scales 
exponentially with protein number, as the potential for 
spurious correlations and overfitting increases while 
clinical actionability often decreases. The economic argu-
ment for comprehensive profiling remains weak, as the 
marginal value of measuring additional proteins beyond 
validated markers rarely justifies proportionally increased 
costs. The regulatory pathway for tests measuring thou-
sands of analytes remains undefined, with no clear prec-
edent for validation standards or approval requirements. 
Healthcare systems and clinicians express preference for 
focused, interpretable tests over comprehensive profiles 
that require specialized expertise to understand. The evo-
lution should be toward gradually expanding targeted 
panels as individual markers are validated, rather than 
attempting comprehensive profiling from the outset.

Implementation strategies and success factors
Phased implementation approach
Successful clinical translation of FFPE proteomics 
requires a phased implementation strategy that builds 
capabilities, evidence, and acceptance incrementally 
rather than attempting comprehensive deployment 
immediately [84, 102]. Phase 1 should focus on establish-
ing technical capability through implementation of vali-
dated protocols for FFPE sample processing, acquisition 
of appropriate instrumentation and expertise, participa-
tion in proficiency testing and standardization initia-
tives, and development of quality management systems 
meeting clinical laboratory standards [296]. This foun-
dation phase, typically requiring 12–18 months, enables 
laboratories to demonstrate technical competence before 
attempting clinical applications. Phase 2 involves pilot 
clinical studies on specific, well-defined applications 
where proteomic analysis provides clear value, such as 
quantification of established biomarkers in cases where 
IHC is equivocal, assessment of therapeutic targets in 
rare tumors lacking validated antibodies, or investiga-
tion of treatment resistance in patients failing standard 
therapy. These pilot studies, conducted under research 
protocols with appropriate consent, generate preliminary 
evidence of clinical utility while identifying operational 
challenges.

Phase 3 encompasses clinical validation through larger 
prospective studies demonstrating analytical validity, 
clinical validity, and ideally clinical utility for specific 
intended uses [337]. This phase requires collaboration 
between laboratories, clinicians, and potentially industry 
partners to generate evidence meeting regulatory stan-
dards. The validation phase typically requires 2–3 years 
and substantial investment but is essential for translation 
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beyond research applications. Phase 4 involves regulatory 
submission and approval, whether through FDA clear-
ance/approval for commercial tests or CLIA validation 
for laboratory-developed tests. This phase requires com-
prehensive documentation of analytical performance, 
clinical evidence, and quality systems, often necessitat-
ing regulatory expertise many academic laboratories lack. 
Phase 5 represents clinical implementation and adoption, 
requiring education of clinicians, integration with clini-
cal workflows, establishment of reimbursement mecha-
nisms, and continuous quality improvement based on 
clinical experience [338]. Success factors throughout 
these phases include strong institutional support with 
protected resources, multidisciplinary collaboration 
between pathologists, oncologists, and laboratory scien-
tists, focus on specific clinical needs rather than technol-
ogy capabilities, rigorous adherence to quality standards 
and regulatory requirements, and realistic timelines 
acknowledging the complexity of clinical translation.

Conclusions and future perspectives
Current state and realistic assessment
The comprehensive analysis presented in this review 
reveals a complex landscape where significant techno-
logical advances in FFPE tissue proteomics coexist with 
persistent translational barriers that have prevented 
meaningful clinical implementation. Despite the ability to 
now identify 5,000–8,500 proteins from FFPE specimens 
using optimized protocols and advanced instrumenta-
tion, approaching the performance achieved with fresh 
tissues, the absence of FDA-approved FFPE proteomic 
diagnostic tests after decades of development indicates 
that technical capability alone is insufficient for clinical 
translation [157, 338]. This reality is exemplified by spa-
tial proteomics, where despite remarkable technological 
sophistication enabling subcellular resolution and 50-tar-
get multiplexing, no applications have achieved regula-
tory approval for clinical use, with trials predominantly 
relegating protein signatures to exploratory endpoints 
rather than primary clinical decision points.

The economic analysis reveals that comprehensive 
FFPE proteomic analysis costs 5–10 fold more than estab-
lished immunohistochemistry without demonstrated 
superior clinical utility in most applications, creating an 
unsustainable value proposition in resource-constrained 
healthcare systems. The validation crisis, with over 90% 
of discovered biomarkers failing to maintain performance 
in independent cohorts, reflects fundamental flaws in 
study design, statistical analysis, and biological under-
standing that cannot be resolved through technological 
advancement alone [140, 267–269]. The regulatory land-
scape remains poorly defined, with no clear pathway for 
approval of complex proteomic tests and no precedent 
for successful navigation of FDA requirements for FFPE 

tissue-based mass spectrometry diagnostics. These chal-
lenges are compounded by operational barriers includ-
ing incompatibility with clinical laboratory workflows 
requiring 24–48 h turnaround, lack of standardized pro-
tocols and reference materials enabling inter-laboratory 
reproducibility, absence of clinical decision support tools 
for complex proteomic data interpretation, and insuf-
ficient evidence of clinical utility to justify adoption and 
reimbursement.

Strategic recommendations for the field
Based on our comprehensive analysis, we propose 
that successful clinical translation of FFPE proteomics 
requires fundamental strategic reorientation away 
from comprehensive discovery approaches toward tar-
geted, clinically focused applications. The field must 
acknowledge that targeted proteomics using SRM/PRM 
approaches represents the only viable pathway for near-
term clinical implementation, offering analytical perfor-
mance (CV < 15%) approaching clinical requirements, 
simplified validation and regulatory pathways similar to 
existing multi-analyte tests, economic feasibility with 
costs approaching those of multiplex immunoassays, 
and compatibility with clinical laboratory workflows and 
expertise [48–52]. Priority should be given to applica-
tions where FFPE proteomics provides unique, action-
able information not available through existing methods, 
such as quantification of therapeutic targets lacking vali-
dated antibodies, assessment of post-translational modi-
fications determining drug response, detection of protein 
isoforms with distinct clinical significance, and multi-
plexed pathway analysis guiding combination therapy 
selection.

The development strategy should follow a disciplined 
phase-gate approach with clear go/no-go criteria at 
each stage. Initial proof-of-concept studies should dem-
onstrate superior analytical performance compared to 
existing methods using archived specimens with known 
outcomes. Clinical validation should focus on specific, 
narrow indications where proteomic information would 
definitively change patient management, avoiding broad 
fishing expeditions that dilute clinical impact. Regulatory 
strategy should leverage existing pathways for laboratory-
developed tests initially, building evidence for eventual 
FDA submission only after clinical utility is established. 
Economic modeling should be integrated from the begin-
ning, ensuring that development focuses on applications 
where reimbursement is achievable based on demon-
strated value. Collaboration structures should prioritize 
partnerships between academic laboratories providing 
scientific expertise, clinical centers offering patient access 
and outcome data, diagnostic companies contributing 
regulatory and commercialization capabilities, and pay-
ers engaged early to define evidence requirements.
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Future technological directions
While acknowledging current limitations, several emerg-
ing technologies show promise for addressing specific 
translational barriers, though realistic timelines must 
acknowledge the lengthy development and validation 
cycles required for clinical implementation. Automated 
sample preparation platforms incorporating artificial 
intelligence for quality control could reduce technical 
variability from 20 to 50% to below 15%, though stan-
dardization across platforms remains challenging [238, 
339, 340]. Miniaturized and microfluidic approaches may 
enable analysis of smaller specimens and reduce reagent 
costs, though scaling to clinical throughput requirements 
remains unproven [341–346]. Advanced data analy-
sis algorithms incorporating machine learning could 
improve biomarker discovery and validation, though 
interpretability and regulatory acceptance of “black box” 
algorithms remain problematic [347–350]. Integration 
with digital pathology and artificial intelligence image 
analysis could enable selection of optimal tissue regions 
for proteomic analysis, though the added complexity may 
outweigh benefits for routine applications [351–356].

Novel chemical approaches to address formaldehyde 
crosslinking, including development of cleavable cross-
linkers for prospective studies and improved rever-
sal strategies for archived tissues, may fundamentally 
improve protein recovery and analysis, though wide-
spread adoption would require substantial changes to 
pathology practice [137, 357]. The evolution of mass 
spectrometry instrumentation toward increased sensitiv-
ity, speed, and robustness will continue, though current 
instruments already exceed the analytical requirements 
for most clinical applications, suggesting that instrumen-
tation is no longer the limiting factor. DIA methods will 
likely become standard for discovery applications, offer-
ing improved reproducibility and quantification, though 
the computational complexity remains challenging for 
clinical laboratories [24–27]. The integration of pro-
teomics with other molecular data types will continue in 
research settings, though the added complexity and cost 
make multi-omic approaches unlikely to achieve routine 
clinical implementation within the next decade.

Realistic timeline and expectations
Based on current evidence and historical precedent from 
related fields, we project that meaningful clinical imple-
mentation of FFPE proteomics will require a minimum 
of 5–10 years for even the most promising applications. 
Within 2–3 years, we expect to see initial CLIA-validated 
laboratory-developed tests for targeted proteomic panels 
in specialized reference laboratories, focusing on specific 
applications such as therapeutic target quantification in 
rare tumors or assessment of resistance mechanisms in 
failed therapy. Within 3–5 years, the first FDA-cleared/

approved FFPE proteomic tests may emerge, likely as 
companion diagnostics developed in partnership with 
pharmaceutical companies where the economic incentive 
justifies investment. These initial tests will likely measure 
fewer than 20 proteins using targeted MS approaches 
on established clinical platforms. Within 5–10 years, 
broader adoption may occur if initial implementations 
demonstrate clear clinical utility and economic value, 
though this will likely remain limited to major academic 
medical centers and reference laboratories rather than 
community hospitals.

Beyond 10 years, the trajectory becomes less certain 
and will depend on multiple factors including technologi-
cal breakthroughs addressing current limitations, accu-
mulation of clinical evidence demonstrating improved 
patient outcomes, evolution of healthcare payment mod-
els favoring precision medicine, development of simpli-
fied platforms accessible to routine laboratories, and 
cultural shifts in pathology practice embracing molecular 
methods. However, it is equally possible that alternative 
technologies such as spatial transcriptomics, multiplexed 
immunofluorescence, or next-generation liquid biop-
sies may fulfill the clinical needs currently envisioned 
for FFPE proteomics, potentially limiting its role to spe-
cialized research applications. The field must therefore 
maintain realistic expectations while pursuing focused 
applications where success is achievable, avoiding the 
hype cycles that have previously damaged credibility and 
delayed meaningful progress.

Conclusion and roadmap for clinical translation
Despite substantial technological progress, mass spec-
trometry–based proteomics of FFPE tissues has yet to 
achieve routine clinical implementation. The central 
obstacles-chemical crosslinking, pre-analytical variabil-
ity, reproducibility issues, economic burdens, and regula-
tory uncertainty-have collectively hindered progress. Yet, 
the successful adoption of genomic assays from identical 
archival materials demonstrates that translation is possi-
ble when the right combination of technological innova-
tion, regulatory clarity, and clinical need converge.

The pathway forward requires a strategic shift in focus. 
Discovery-based proteomics, while powerful for hypoth-
esis generation, remains fundamentally incompatible 
with clinical workflows due to its variability, long turn-
around times, and extensive computational require-
ments. In contrast, targeted proteomic approaches 
such as SRM, MRM, and PRM offer the reproducibility, 
throughput, and validation feasibility needed for diag-
nostics. Concentrating efforts on targeted applications 
provides a pragmatic foundation for clinical translation.

Clinical adoption will also depend on defining applica-
tions where FFPE proteomics provides unique, action-
able insights unavailable from other technologies. 
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This includes the detection of protein isoforms, post-
translational modifications, and multi-protein sig-
natures that directly inform therapeutic response or 
disease classification. Success in these areas will justify 
the additional complexity and cost of proteomic meth-
ods compared with more established techniques such as 
immunohistochemistry.

Equally critical is the establishment of rigorous stan-
dardization frameworks. Harmonization of pre-analytical 
and analytical protocols across institutions, development 
of certified reference materials, and inter-laboratory pro-
ficiency testing are essential to reduce variability and 
build the trust needed for clinical adoption. Without 
such quality control measures, even the most promising 
assays will struggle to achieve regulatory approval.

Economic feasibility must also be integrated into trans-
lation strategies. Workflows that approach the cost of 
multiplex immunohistochemistry are far more likely to 
be adopted than those requiring several hundred dol-
lars per specimen. In parallel, regulatory alignment will 
be essential. Lessons from FDA-approved genomic assays 
provide a roadmap for proteomic assay development, but 
prospective, adequately powered validation studies will 
be indispensable for demonstrating clinical utility.

Taken together, these considerations suggest that FFPE 
proteomics should pursue a phased implementation 
strategy. Early adoption is most likely to occur in niche, 
high-value applications, such as rare cancers, resistant 
tumor subtypes, or retrospective studies using archival 
material, where alternative technologies cannot provide 
equivalent information. Broader clinical adoption will fol-
low as workflows become more standardized, cost-effec-
tive, and supported by prospective clinical validation.

In outlook, if research efforts continue to prioritize tar-
geted assays, practical standardization, and applications 
with direct clinical actionability, FFPE proteomics can 
realistically progress from a research tool to a diagnostic 
reality within the next five to ten years. By strategically 
narrowing its scope to areas of greatest clinical value, this 
field has the potential to evolve into a powerful comple-
ment to genomics and immunohistochemistry, ultimately 
advancing the goals of precision medicine.

Acknowledgements
Not applicable.

Author contributions
H.S. and M.A. conceptualized the review and developed the outline. H.S. 
conducted the primary literature analysis and wrote the initial draft of the 
manuscript. M.A. and L.B. critically revised the text and contributed to refining 
the clinical and translational sections. A.T. prepared the figures and supported 
the formatting of references. All authors reviewed and approved the final 
manuscript and agree to be accountable for all aspects of the work.

Funding
This review received no specific grant funding from any funding agency in the 
public, commercial, or not-for-profit sectors. The work was conducted as part 
of the authors’ institutional responsibilities.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 11 July 2025 / Accepted: 3 October 2025

References
1.	 Obi EN, Tellock DA, Thomas GJ, Veenstra TD. Biomarker analysis of Formalin-

Fixed Paraffin-Embedded clinical tissues using proteomics. Biomolecules. 
2023 13(1).

2.	 Wakefield C, Hornick JL. Update on immunohistochemistry in bone and soft 
tissue tumors Cost-effectively replacing molecular testing with immunohis-
tochemistry. Hum Pathol. 2024;147:58–71.

3.	 Kim SW, Roh J, Park CS. Immunohistochemistry for pathologists Protocols, 
Pitfalls, and tips. J Pathol Transl Med. 2016;50(6):411–8.

4.	 Technology S. Immunohistochemistry market to grow at USD 5.5 billion by 
2031. Westford, USA: SkyQuest Technology; 2024.

5.	 O’Hurley G, Sjostedt E, Rahman A, Li B, Kampf C, Ponten F, et al. Garbage in, 
garbage out: a critical evaluation of strategies used for validation of immuno-
histochemical biomarkers. Mol Oncol. 2014;8(4):783–98.

6.	 Meyerholz DK, Beck AP. Principles and approaches for reproducible scoring of 
tissue stains in research. Lab Invest. 2018;98(7):844–55.

7.	 Altelaar AF, Munoz J, Heck AJ. Next-generation proteomics: towards an 
integrative view of proteome dynamics. Nat Rev Genet. 2013;14(1):35–48.

8.	 Neagu AN, Josan CL, Jayaweera TM, Morrissiey H, Johnson KR, Darie CC. 
Bio-Pathological functions of posttranslational modifications of histological 
biomarkers in breast cancer. Molecules. 2024;29(17).

9.	 Kitamura N, Galligan JJ. A global view of the human post-translational modifi-
cation landscape. Biochem J. 2023;480(16):1241–65.

10.	 Do H, Dobrovic A. Sequence artifacts in DNA from formalin-fixed tissues: 
causes and strategies for minimization. Clin Chem. 2015;61(1):64–71.

11.	 Jennings LJ, Arcila ME, Corless C, Kamel-Reid S, Lubin IM, Pfeifer J, et al. Guide-
lines for validation of Next-Generation Sequencing-Based oncology panels: A 
joint consensus recommendation of the association for molecular pathology 
and college of American pathologists. J Mol Diagn. 2017;19(3):341–65.

12.	 Wan JCM, Massie C, Garcia-Corbacho J, Mouliere F, Brenton JD, Caldas C, et al. 
Liquid biopsies come of age: towards implementation of Circulating tumour 
DNA. Nat Rev Cancer. 2017;17(4):223–38.

13.	 Jibiki T, Nishimura H, Sengoku S, Kodama K, Regulations. Open data and 
healthcare innovation: A case of MSK-IMPACT and its implications for better 
cancer care. Cancers (Basel). 2021;13(14).

14.	 Administration USFaD. FDA grants marketing approval to FoundationOne 
CDx in vitro diagnostic Silver Spring, MD, USA: U.S. Food and Drug Adminis-
tration; 2017 [Available from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​f​​d​a​.​​g​o​v​​/​d​r​u​​g​s​​/​r​e​​s​o​u​​r​c​e​s​​-​i​​n​f​o​​r​m​a​​t​i​
o​n​​-​a​​p​p​r​​o​v​e​​d​-​d​r​​u​g​​s​/​f​​d​a​-​​g​r​a​n​​t​s​​-​m​a​​r​k​e​​t​i​n​g​​-​a​​p​p​r​​o​v​a​​l​-​f​o​​u​n​​d​a​t​​i​o​n​​o​n​e​-​​c​d​​x​-​i​n​-​v​i​
t​r​o​-​d​i​a​g​n​o​s​t​i​c

15.	 Zhang M, Sheffield T, Zhan X, Li Q, Yang DM, Wang Y et al. Spatial molecu-
lar profiling: platforms, applications and analysis tools. Brief Bioinform. 
2021;22(3).

16.	 Bassiouni R, Gibbs LD, Craig DW, Carpten JD, McEachron TA. Applica-
bility of Spatial transcriptional profiling to cancer research. Mol Cell. 
2021;81(8):1631–9.

17.	 Minari R, Mazzaschi G, Bordi P, Gnetti L, Alberti G, Altimari A, et al. Detection 
of EGFR-Activating and T790M mutations using liquid biopsy in patients with 
EGFR-Mutated Non-Small-Cell lung cancer whose disease has progressed 
during treatment with First- and Second-Generation tyrosine kinase 
inhibitors: A multicenter Real-Life retrospective study. Clin Lung Cancer. 
2020;21(5):e464–73.

https://www.fda.gov/drugs/resources-information-approved-drugs/fda-grants-marketing-approval-foundationone-cdx-in-vitro-diagnostic
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-grants-marketing-approval-foundationone-cdx-in-vitro-diagnostic
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-grants-marketing-approval-foundationone-cdx-in-vitro-diagnostic


Page 31 of 38AlHammadi et al. Clinical Proteomics           (2025) 22:45 

18.	 Sisodiya S, Kasherwal V, Khan A, Roy B, Goel A, Kumar S, et al. Liquid biopsies: 
emerging role and clinical applications in solid tumours. Transl Oncol. 
2023;35:101716.

19.	 Jahani MM, Mashayekhi P, Omrani MD, Meibody AA. Efficacy of liquid biopsy 
for genetic mutations determination in non-small cell lung cancer: a system-
atic review on literatures. BMC Cancer. 2025;25(1):433.

20.	 Crisafulli G. Liquid biopsy and challenge of assay heterogeneity for minimal 
residual disease assessment in colon cancer treatment. Genes (Basel). 
2025;16(1).

21.	 Rodriguez H, Zenklusen JC, Staudt LM, Doroshow JH, Lowy DR. The next 
horizon in precision oncology: proteogenomics to inform cancer diagnosis 
and treatment. Cell. 2021;184(7):1661–70.

22.	 Dogan A. Advances in clinical applications of tissue proteomics: opportuni-
ties and challenges. Expert Rev Proteomics. 2014;11:531–3.

23.	 Geyer PE, Holdt LM, Teupser D, Mann M. Revisiting biomarker discovery by 
plasma proteomics. Mol Syst Biol. 2017;13(9):942.

24.	 Li KW, Gonzalez-Lozano MA, Koopmans F, Smit AB. Recent developments in 
data independent acquisition (DIA) mass spectrometry: application of quan-
titative analysis of the brain proteome. Front Mol Neurosci. 2020;13:564446.

25.	 Amodei D, Egertson JD, MacLean BX, Johnson RS, Merrihew GE, Keller A, et 
al. Improving precursor selectivity in Data-Independent acquisition using 
overlapping windows. J Am Soc Mass Spectrom. 2019;30:669–84.

26.	 Chen X, Wei S, Ji Y, Guo X, Yang F. Quantitative proteomics using SILAC: 
Principles, applications, and developments. Proteomics. 2015;15(18):3175–92.

27.	 Hoedt E, Zhang G, Neubert TA. Stable isotope labeling by amino acids 
in cell culture (SILAC) for quantitative proteomics. Adv Exp Med Biol. 
2014;806:93–106.

28.	 Vogel C, Marcotte EM. Insights into the regulation of protein abundance from 
proteomic and transcriptomic analyses. Nat Rev Genet. 2012;13:227–32.

29.	 Srivastava H, Lippincott MJ, Currie J, Canfield R, Lam MPY, Lau E. Protein pre-
diction models support widespread post-transcriptional regulation of protein 
abundance by interacting partners. PLoS Comput Biol. 2022;18(11):e1010702.

30.	 Dimitrakopoulos L, Prassas I, Diamandis EP, Nesvizhskii AI, Kislinger T, Jaffe 
JD, et al. Proteogenomics: opportunities and caveats. Clin Chem. 2016;62 
4:551–7.

31.	 Cho A, Ahn J, Kim A, Lee JH, Ryu HS, Kim KM, et al. Proteomics analysis of an 
individual formalin-fixed paraffin-embedded tissue section using isobaric-tag 
amplification. Rapid Commun Mass Spectrom. 2023;37(22):e9616.

32.	 O’Connell JD, Paulo JA, O’Brien JJ, Gygi SP. Proteome-Wide evalua-
tion of two common protein quantification methods. J Proteome Res. 
2018;17(5):1934–42.

33.	 Kettenbach AN, Rush J, Gerber SA. Absolute quantification of protein and 
post-translational modification abundance with stable isotope-labeled 
synthetic peptides. Nat Protoc. 2011;6(2):175–86.

34.	 Ahrne E, Martinez-Segura A, Syed AP, Vina-Vilaseca A, Gruber AJ, Marguerat S, 
et al. Exploiting the multiplexing capabilities of tandem mass tags for high-
throughput Estimation of cellular protein abundances by mass spectrometry. 
Methods. 2015;85:100–7.

35.	 Muntel J, Gandhi T, Verbeke L, Bernhardt OM, Treiber T, Bruderer R, et al. 
Surpassing 10 000 identified and quantified proteins in a single run by opti-
mizing current LC-MS instrumentation and data analysis strategy. Mol Omics. 
2019;15(5):348–60.

36.	 Boja ES, Fehniger TE, Baker MS, Marko-Varga G, Rodriguez H. Analytical 
validation considerations of multiplex mass-spectrometry-based pro-
teomic platforms for measuring protein biomarkers. J Proteome Res. 
2014;13(12):5325–32.

37.	 Fuzery AK, Levin J, Chan MM, Chan DW. Translation of proteomic biomarkers 
into FDA approved cancer diagnostics: issues and challenges. Clin Proteom. 
2013;10(1):13.

38.	 Lathrop JT, Jeffery DA, Shea YR, Scholl PF, Chan MM. US food and drug 
administration perspectives on clinical mass spectrometry. Clin Chem. 
2016;62(1):41–7.

39.	 Pillai R, Deeter R, Rigl CT, Nystrom JS, Miller MH, Buturovic L, et al. Validation 
and reproducibility of a microarray-based gene expression test for tumor 
identification in formalin-fixed, paraffin-embedded specimens. J Mol Diagn. 
2011;13(1):48–56.

40.	 Lin Y, Thomas SN. Impact of VALID act implementation on mass spectrom-
etry-based clinical proteomic laboratory developed tests. J Mass Spectrom 
Adv Clin Lab. 2023;28:30–4.

41.	 Administration USFaD. 510(k) Premarket Notification: Pathwork Tissue of 
Origin Test (K092967): Center for Devices and Radiological Health. 2010 

[Available from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​a​​c​c​e​​s​s​d​​a​t​a​.​​f​d​​a​.​g​​o​v​/​​s​c​r​i​​p​t​​s​/​c​​d​r​h​​/​c​f​d​​o​c​​s​/​c​​f​P​M​​N​/​
p​m​​n​.​​c​f​m​?​I​D​=​K​0​9​2​9​6​7

42.	 Tushaus J, Eckert S, Schliemann M, Zhou Y, Pfeiffer P, Halves C, et al. Towards 
routine proteome profiling of FFPE tissue: insights from a 1,220-case pan-
cancer study. EMBO J. 2025;44(1):304–29.

43.	 Mason JT. Proteomic analysis of FFPE tissue: barriers to clinical impact. Expert 
Rev Proteom. 2016;13(9):801–3.

44.	 Füzéry AK, Levin J, Chan MM, Chan DW. Translation of proteomic biomark-
ers into FDA approved cancer diagnostics: issues and challenges. Clin 
Proteomics. 2013;10:13.

45.	 Craven RA, Cairns DA, Zougman A, Harnden P, Selby PJ, Banks RE. Proteomic 
analysis of formalin-fixed paraffin-embedded renal tissue samples by label-
free MS: assessment of overall technical variability and the impact of block 
age. Proteom Clin Appl. 2013;7(3–4):273–82.

46.	 Frantzi M, Latosinska A, Kontostathi G, Mischak H. Clinical proteomics: 
closing the gap from discovery to implementation. Proteomics. 
2018;18(14):e1700463.

47.	 Zeng ISL, Browning SR, Gladding P, Jüllig M, Middleditch M, Stewart RAH. 
A Multi-feature reproducibility assessment of mass spectral data in clinical 
proteomic studies. Clin Proteomics. 2009;5(3):170–7.

48.	 Wenk D, Zuo C, Kislinger T, Sepiashvili L. Recent developments in mass-
spectrometry-based targeted proteomics of clinical cancer biomarkers. Clin 
Proteomics. 2024;21(1):6.

49.	 Smit NPM, Ruhaak LR, Romijn FPHTM, Pieterse MM, van der Burgt YEM, 
Cobbaert CM. The time has come for quantitative protein mass spec-
trometry tests that target unmet clinical needs. J Am Soc Mass Spectrom. 
2021;32:636–47.

50.	 Kennedy JJ, Whiteaker JR, Schoenherr RM, Yan P, Allison KH, Shipley M, et 
al. Optimized protocol for quantitative multiple reaction Monitoring-Based 
proteomic analysis of Formalin-Fixed, Paraffin-Embedded tissues. J Proteome 
Res. 2016;15 8:2717–28.

51.	 Park J, Oh HJ, Han D, Wang JI, Park IA, Ryu HS, et al. Parallel reaction Monitor-
ing-Mass spectrometry (PRM-MS)-Based targeted proteomic surrogates for 
intrinsic subtypes in breast cancer: comparative analysis with immunohisto-
chemical phenotypes. J Proteome Res. 2019;19(7):2643–53.

52.	 Kim YJ, Sweet SMM, Egertson JD, Sedgewick AJ, Woo S, Liao W-L, et al. 
Data-Independent acquisition mass spectrometry to quantify protein 
levels in FFPE tumor biopsies for molecular diagnostics. J Proteome Res. 
2018;18(1):426–35.

53.	 Tanca A, Pagnozzi D, Addis MF. Setting proteins free: progresses and achieve-
ments in proteomics of formalin-fixed, paraffin-embedded tissues. Proteom 
Clin Appl. 2012;6(1–2):7–21.

54.	 Davalieva K, Kiprijanovska S, Dimovski A, Rosoklija G, Dwork AJ. Comparative 
evaluation of two methods for LC-MS/MS proteomic analysis of formalin 
fixed and paraffin embedded tissues. J Proteom. 2021;235:104117.

55.	 Piga I, Koenig C, Lechner M, Sabatier P, Olsen JV. Formaldehyde fixation helps 
preserve the proteome state during Single-Cell proteomics sample process-
ing and analysis. J Proteome Res. 2025;24(4):1624–35.

56.	 Nwosu AJ, Misal SA, Truong T, Carson RH, Webber KGI, Axtell NB, et al. In-
Depth mass Spectrometry-Based proteomics of Formalin-Fixed, Paraffin-
Embedded tissues with a Spatial resolution of 50–200 Mum. J Proteome Res. 
2022;21(9):2237–45.

57.	 Tayri-Wilk T, Slavin M, Zamel J, Blass A, Cohen S, Motzik A, et al. Mass spec-
trometry reveals the chemistry of formaldehyde crosslinking in structured 
proteins. Nat Commun. 2020;11(1):3128.

58.	 Sutherland BW, Toews J, Kast J. Utility of formaldehyde crosslinking and mass 
spectrometry in the study of protein-protein interactions. J Mass Spectrom-
etry: JMS. 2008;43 6:699–715.

59.	 Klockenbusch C, O’Hara JE, Kast J. Advancing formaldehyde crosslink-
ing towards quantitative proteomic applications. Anal Bioanal Chem. 
2012;404:1057–67.

60.	 Lemaire R, Desmons A, Tabet J-C, Day R, Salzet M, Fournier I. Direct analysis 
and MALDI imaging of formalin-fixed, paraffin-embedded tissue sections. J 
Proteome Res. 2007;6(4):1295–305.

61.	 Magdeldin S, Yamamoto T. Toward Deciphering proteomes of formalin-fixed 
paraffin-embedded (FFPE) tissues. Proteomics. 2012;12(7):1045–58.

62.	 Metz B, Kersten GF, Hoogerhout P, Brugghe HF, Timmermans HA, de Jong A, 
et al. Identification of formaldehyde-induced modifications in proteins: reac-
tions with model peptides. J Biol Chem. 2004;279(8):6235–43.

63.	 Kennedy-Darling J, Smith LM. Measuring the formaldehyde Protein-DNA 
cross-link reversal rate. Anal Chem. 2014;86(12):5678–81.

https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfPMN/pmn.cfm?ID=K092967
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfPMN/pmn.cfm?ID=K092967


Page 32 of 38AlHammadi et al. Clinical Proteomics           (2025) 22:45 

64.	 Hagberg H. Intracellular pH during ischemia in skeletal muscle: relationship 
to membrane potential, extracellular pH, tissue lactic acid and ATP. Pflugers 
Arch. 1985;404(4):342–7.

65.	 Mertins P, Yang F, Liu T, Mani DR, Petyuk VA, Gillette MA, et al. Ischemia in 
tumors induces early and sustained phosphorylation changes in stress 
kinase pathways but does not affect global protein levels. Mol Cell Proteom. 
2014;13(7):1690–704.

66.	 Wang Y, Zhang Y, Hu W, Xie S, Gong CX, Iqbal K, et al. Rapid alteration of pro-
tein phosphorylation during postmortem: implication in the study of protein 
phosphorylation. Sci Rep. 2015;5:15709.

67.	 Weidemann A, Johnson RS. Biology of HIF-1alpha. Cell Death Differ. 
2008;15(4):621–7.

68.	 Kumar R, Azam S, Sullivan JM, Owen C, Cavener DR, Zhang P, et al. Brain isch-
emia and reperfusion activates the eukaryotic initiation factor 2alpha kinase, 
PERK. J Neurochem. 2001;77(5):1418–21.

69.	 Owen CR, Kumar R, Zhang P, McGrath BC, Cavener DR, Krause GS. PERK is 
responsible for the increased phosphorylation of eIF2alpha and the severe 
Inhibition of protein synthesis after transient global brain ischemia. J Neuro-
chem. 2005;94(5):1235–42.

70.	 von der Heyde S, Raman N, Gabelia N, Matias-Guiu X, Yoshino T, Tsukada Y, et 
al. Tumor specimen cold ischemia time impacts molecular cancer drug target 
discovery. Cell Death Dis. 2024;15(9):691.

71.	 Dempster WJ. The rate of penetration of fixing fluids. J Anat. 1946;80:110–5.
72.	 Howat WJ, Wilson BA. Tissue fixation and the effect of molecular fixatives on 

downstream staining procedures. Methods (San Diego Calif ). 2014;70:12–9.
73.	 Medawar PB. The rate of penetration of fixatives. J R Microsc Soc. 

1941;61(1–2):46–57.
74.	 Werner M, Chott A, Fabiano A, Battifora H. Effect of formalin tissue 

fixation and processing on immunohistochemistry. Am J Surg Pathol. 
2000;24(7):1016–9.

75.	 Biosystems L. Fixation and Fixatives (2) – Factors Influencing Chemical Fixa-
tion, Formaldehyde and Glutaraldehyde 2012 [Available from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​l​​e​
i​c​​a​b​i​​o​s​y​s​​t​e​​m​s​.​​c​o​m​​/​k​n​o​​w​l​​e​d​g​​e​-​p​​a​t​h​w​​a​y​​/​f​i​​x​a​t​​i​o​n​-​​a​n​​d​-​f​​i​x​a​​t​i​v​e​​s​-​​2​-​f​​a​c​t​​o​r​s​-​​i​n​​f​l​u​​
e​n​c​​i​n​g​-​​c​h​​e​m​i​​c​a​l​​-​f​i​x​​a​t​​i​o​n​​-​f​o​​r​m​a​l​​d​e​​h​y​d​e​-​a​n​d​-​g​l​u​t​a​r​a​l​d​e​h​y​d​e​/

76.	 Fox CH, Johnson FB, Whiting J, Roller PP. Formaldehyde fixation. J Histochem 
Cytochem. 1985;33(8):845–53.

77.	 Thavarajah R, Mudimbaimannar VK, Elizabeth J, Rao UK, Ranganathan K. 
Chemical and physical basics of routine formaldehyde fixation. J Oral Maxil-
lofac Pathol. 2012;16(3):400–5.

78.	 Buesa RJ, Peshkov MV. How much formalin is enough to fix tissues? Ann 
Diagn Pathol. 2012;16(3):202–9.

79.	 Chesnick IE, Mason JT, O’Leary TJ, Fowler CB. Elevated pressure improves the 
rate of formalin penetration while preserving tissue morphology. J Cancer. 
2010;1:178–83.

80.	 Rossouw SC, Bendou H, Blignaut RJ, Bell L, Rigby J, Christoffels A. Evalua-
tion of protein purification techniques and effects of storage duration on 
LC-MS/MS analysis of archived FFPE human CRC tissues. Pathol Oncol Res. 
2021;27:622855.

81.	 Koh JMS, Sykes EK, Rukhaya J, Anees A, Zhong Q, Jackson C, et al. The effect 
of storage time and temperature on the proteomic analysis of FFPE tissue 
sections. Clin Proteom. 2025;22(1):5.

82.	 Grillo F, Pigozzi S, Ceriolo P, Calamaro P, Fiocca R, Mastracci L. Factors affecting 
immunoreactivity in long-term storage of formalin-fixed paraffin-embedded 
tissue sections. Histochem Cell Biol. 2015;144(1):93–9.

83.	 Foll MC, Fahrner M, Oria VO, Kuhs M, Biniossek ML, Werner M, et al. Reproduc-
ible proteomics sample Preparation for single FFPE tissue slices using acid-
labile surfactant and direct trypsinization. Clin Proteom. 2018;15:11.

84.	 Buczak K, Kirkpatrick JM, Truckenmueller F, Santinha D, Ferreira L, Roessler 
S, et al. Spatially resolved analysis of FFPE tissue proteomes by quantitative 
mass spectrometry. Nat Protoc. 2020;15(9):2956–79.

85.	 Uchida Y, Sasaki H, Terasaki T. Establishment and validation of highly accurate 
formalin-fixed paraffin-embedded quantitative proteomics by heat-compati-
ble pressure cycling technology using phase-transfer surfactant and SWATH-
MS. Sci Rep. 2020;10(1):11271.

86.	 Tabb DL, Vega-Montoto L, Rudnick PA, Variyath AM, Ham AJ, Bunk DM, et al. 
Repeatability and reproducibility in proteomic identifications by liquid chro-
matography-tandem mass spectrometry. J Proteome Res. 2010;9(2):761–76.

87.	 Kalli A, Smith GT, Sweredoski MJ, Hess S. Evaluation and optimization of mass 
spectrometric settings during data-dependent acquisition mode: focus on 
LTQ-Orbitrap mass analyzers. J Proteome Res. 2013;12(7):3071–86.

88.	 Wong CC, Cociorva D, Venable JD, Xu T, Yates JR 3rd. Comparison of different 
signal thresholds on data dependent sampling in orbitrap and LTQ mass 

spectrometry for the identification of peptides and proteins in complex 
mixtures. J Am Soc Mass Spectrom. 2009;20(8):1405–14.

89.	 Paulo JA. Practical and efficient searching in proteomics: A cross engine 
comparison. Webmedcentral. 2013;4(10):WMCPLS0052.

90.	 Di Guida R, Engel J, Allwood JW, Weber RJ, Jones MR, Sommer U, et al. Non-
targeted UHPLC-MS metabolomic data processing methods: a comparative 
investigation of normalisation, missing value imputation, transformation and 
scaling. Metabolomics. 2016;12:93.

91.	 Cuklina J, Lee CH, Williams EG, Sajic T, Collins BC, Rodriguez Martinez M, et al. 
Diagnostics and correction of batch effects in large-scale proteomic studies: 
a tutorial. Mol Syst Biol. 2021;17(8):e10240.

92.	 Goh WWB, Wang W, Wong L. Why batch effects matter in omics Data, and 
how to avoid them. Trends Biotechnol. 2017;35(6):498–507.

93.	 Szamosi JC, Forbes JD, Copeland JK, Knox NC, Shekarriz S, Rossi L, et al. 
Assessment of Inter-Laboratory variation in the characterization and analysis 
of the mucosal microbiota in crohn’s disease and ulcerative colitis. Front 
Microbiol. 2020;11:2028.

94.	 Serang O, Moruz L, Hoopmann MR, Kall L. Recognizing uncertainty increases 
robustness and reproducibility of mass spectrometry-based protein infer-
ences. J Proteome Res. 2012;11(12):5586–91.

95.	 Prakash A, Rezai T, Krastins B, Sarracino D, Athanas M, Russo P, et al. Plat-
form for Establishing interlaboratory reproducibility of selected reaction 
monitoring-based mass spectrometry peptide assays. J Proteome Res. 
2010;9(12):6678–88.

96.	 Kennedy JJ, Whiteaker JR, Schoenherr RM, Yan P, Allison K, Shipley M, et al. 
Optimized protocol for quantitative multiple reaction Monitoring-Based 
proteomic analysis of Formalin-Fixed, Paraffin-Embedded tissues. J Proteome 
Res. 2016;15(8):2717–28.

97.	 Abbatiello SE, Schilling B, Mani DR, Zimmerman LJ, Hall SC, MacLean B, et al. 
Large-Scale interlaboratory study to Develop, analytically validate and apply 
highly Multiplexed, quantitative peptide assays to measure Cancer-Relevant 
proteins in plasma. Mol Cell Proteom. 2015;14(9):2357–74.

98.	 Addona TA, Abbatiello SE, Schilling B, Skates SJ, Mani DR, Bunk DM, et al. 
Multi-site assessment of the precision and reproducibility of multiple reac-
tion monitoring-based measurements of proteins in plasma. Nat Biotechnol. 
2009;27(7):633–41.

99.	 Saito K, Goda R, Arai K, Asahina K, Kawabata M, Uchiyama H, et al. 
Interlaboratory evaluation of LC-MS-based biomarker assays. Bioanalysis. 
2024;16(6):389–402.

100.	 Azimi A, Kaufman KL, Ali M, Kossard S, Fernandez-Penas P. In Silico analysis 
validates proteomic findings of Formalin-fixed paraffin embedded 
cutaneous squamous cell carcinoma tissue. Cancer Genomics Proteom. 
2016;13(6):453–65.

101.	 Longuespee R, Baiwir D, Mazzucchelli G, Smargiasso N, De Pauw E. Laser 
Microdissection-Based microproteomics of Formalin-Fixed and Paraffin-
Embedded (FFPE) tissues. Methods Mol Biol. 2018;1723:19–31.

102.	 Coscia F, Doll S, Bech JM, Schweizer L, Mund A, Lengyel E, et al. A streamlined 
mass spectrometry-based proteomics workflow for large-scale FFPE tissue 
analysis. J Pathol. 2020;251(1):100–12.

103.	 Kuras M, Woldmar N, Kim Y, Hefner M, Malm J, Moldvay J, et al. Proteomic 
workflows for High-Quality quantitative proteome and Post-Translational 
modification analysis of clinically relevant samples from Formalin-Fixed 
Paraffin-Embedded archives. J Proteome Res. 2021;20(1):1027–39.

104.	 Dressler FF, Schoenfeld J, Revyakina O, Vogele D, Kiefer S, Kirfel J, et al. 
Systematic evaluation and optimization of protein extraction parameters in 
diagnostic FFPE specimens. Clin Proteom. 2022;19(1):10.

105.	 Broeckx V, Boonen K, Pringels L, Sagaert X, Prenen H, Landuyt B, et al. Com-
parison of multiple protein extraction buffers for GeLC-MS/MS proteomic 
analysis of liver and colon formalin-fixed, paraffin-embedded tissues. Mol 
Biosyst. 2016;12(2):553–65.

106.	 Sprung RW Jr., Brock JW, Tanksley JP, Li M, Washington MK, Slebos RJ, et al. 
Equivalence of protein inventories obtained from formalin-fixed paraffin-
embedded and frozen tissue in multidimensional liquid chromatography-
tandem mass spectrometry shotgun proteomic analysis. Mol Cell Proteom. 
2009;8(8):1988–98.

107.	 Nesvizhskii AI. A survey of computational methods and error rate Estimation 
procedures for peptide and protein identification in shotgun proteomics. J 
Proteom. 2010;73(11):2092–123.

108.	 Zhang Y, Muller M, Xu B, Yoshida Y, Horlacher O, Nikitin F, et al. Unrestricted 
modification search reveals lysine methylation as major modification 
induced by tissue formalin fixation and paraffin embedding. Proteomics. 
2015;15(15):2568–79.

https://www.leicabiosystems.com/knowledge-pathway/fixation-and-fixatives-2-factors-influencing-chemical-fixation-formaldehyde-and-glutaraldehyde/
https://www.leicabiosystems.com/knowledge-pathway/fixation-and-fixatives-2-factors-influencing-chemical-fixation-formaldehyde-and-glutaraldehyde/
https://www.leicabiosystems.com/knowledge-pathway/fixation-and-fixatives-2-factors-influencing-chemical-fixation-formaldehyde-and-glutaraldehyde/


Page 33 of 38AlHammadi et al. Clinical Proteomics           (2025) 22:45 

109.	 Cai X, Xue Z, Wu C, Sun R, Qian L, Yue L, et al. High-throughput proteomic 
sample Preparation using pressure cycling technology. Nat Protoc. 
2022;17(10):2307–25.

110.	 Nickerson JL, Doucette AA. Maximizing cumulative trypsin activity with cal-
cium at elevated temperature for enhanced Bottom-Up proteome analysis. 
Biology (Basel). 2022;11(10):1444.

111.	 McDonnell K, Howley E, Abram F. The impact of noise and missing fragmen-
tation cleavages on de Novo peptide identification algorithms. Comput 
Struct Biotechnol J. 2022;20:1402–12.

112.	 Kaskow JA, Hahnert ET, Porter TK, Lu Y, Stanev V, Niu C, et al. Predicting 
peptide ionization efficiencies for electrospray ionization mass spectrometry 
using machine learning. J Am Soc Mass Spectrom. 2024;35(10):2297–307.

113.	 Alves G, Yu YK. Improving peptide identification sensitivity in shotgun pro-
teomics by stratification of search space. J Proteome Res. 2013;12(6):2571–81.

114.	 Alves P, Arnold RJ, Clemmer DE, Li Y, Reilly JP, Sheng Q, et al. Fast and accurate 
identification of semi-tryptic peptides in shotgun proteomics. Bioinformatics. 
2008;24(1):102–9.

115.	 Muller T, Kalxdorf M, Longuespee R, Kazdal DN, Stenzinger A, Krijgsveld J. 
Automated sample Preparation with SP3 for low-input clinical proteomics. 
Mol Syst Biol. 2020;16(1):e9111.

116.	 Friedrich C, Schallenberg S, Kirchner M, Ziehm M, Niquet S, Haji M, et al. Com-
prehensive micro-scaled proteome and phosphoproteome characterization 
of archived retrospective cancer repositories. Nat Commun. 2021;12(1):3576.

117.	 Valdés A, Bitzios A, Kassa E, Shevchenko G, Falk A, Malmström P-U, et al. 
Proteomic comparison between different tissue preservation methods for 
identification of promising biomarkers of urothelial bladder cancer. Sci Rep. 
2021;11(1):7595.

118.	 Ciordia S, Santos FM, Dias JML, Lamas JR, Paradela A, Alvarez-Sola G, 
et al. Refinement of paramagnetic bead-based digestion protocol for 
automatic sample Preparation using an artificial neural network. Talanta. 
2024;274:125988.

119.	 Sandberg A, Branca RM, Lehtio J, Forshed J. Quantitative accuracy in mass 
spectrometry based proteomics of complex samples: the impact of labeling 
and precursor interference. J Proteom. 2014;96:133–44.

120.	 Rad R, Gygi SP, Haas W, editors. ms3 eliminates ratio distortion in isobaric 
multiplexed quantitative2011.

121.	 Maes E, Valkenborg D, Mertens I, Broeckx V, Baggerman G, Sagaert X, et al. 
Proteomic analysis of formalin-fixed paraffin-embedded colorectal cancer tis-
sue using tandem mass Tag protein labeling. Mol Biosyst. 2013;9(11):2686–95.

122.	 Ting L, Rad R, Gygi SP, Haas W. MS3 eliminates ratio distortion in isobaric 
multiplexed quantitative proteomics. Nat Methods. 2011;8(11):937–40.

123.	 Klockenbusch C, O’Hara JE, Kast J. Advancing formaldehyde crosslink-
ing towards quantitative proteomic applications. Anal Bioanal Chem. 
2012;404(4):1057–67.

124.	 Piróg A, Faktor J, Urban-Wójciuk Z, Kote S, Chruściel E, Arcimowicz Ł, et al. 
Comparison of different digestion methods for proteomic analysis of isolated 
cells and FFPE tissue samples. Talanta. 2021;233:122568.

125.	 Liu S, Xu F, Yin Y, Zhang J, Wang F, Li Y, et al. LysargiNase enhances the protein 
identification on the basis of trypsin on FFPE samples. Rapid Commun Mass 
Spectrometry: RCM. 2019;33(17):1381–9.

126.	 Glatter T, Ludwig C, Ahrné E, Aebersold R, Heck AJR, Schmidt A. Large-scale 
quantitative assessment of different in-solution protein digestion protocols 
reveals superior cleavage efficiency of tandem Lys-C/trypsin proteolysis over 
trypsin digestion. J Proteome Res. 2012;11 11:5145–56.

127.	 Saveliev SV, Bratz M, Zubarev RA, Szapacs ME, Budamgunta H, Urh M. Trypsin/
Lys-C protease mix for enhanced protein mass spectrometry analysis. Nat 
Methods. 2013;10:i–ii.

128.	 Tsiatsiani L, Heck AJR. Proteomics beyond trypsin. FEBS J. 
2015;282(14):2612–26.

129.	 Davis S, Charles PD, He L, Mowlds P, Kessler BM, Fischer R. Expanding 
proteome coverage with charge ordered parallel ion aNalysis (CHOPIN) com-
bined with broad specificity proteolysis. J Proteome Res. 2017;16:1288–99.

130.	 Swaney DL, Wenger CD, Coon JJ. Value of using multiple proteases 
for large-scale mass spectrometry-based proteomics. J Proteome Res. 
2010;9(3):1323–9.

131.	 Dau T, Bartolomucci G, Rappsilber J. Proteomics using protease alterna-
tives to trypsin benefits from sequential digestion with trypsin. Anal Chem. 
2020;92:9523–7.

132.	 Paavilainen L, Edvinsson Å, Asplund A, Hober S, Kampf C, Pontén F, et al. The 
impact of tissue fixatives on morphology and Antibody-based protein profil-
ing in tissues and cells. J Histochem Cytochemistry. 2010;58:237–46.

133.	 Vincek V, Nassiri M, Nadji M, Morales AR. A tissue fixative that protects macro-
molecules (DNA, RNA, and Protein) and histomorphology in clinical samples. 
Lab Invest. 2003;83:1427–35.

134.	 Stanta G, Mucelli SP, Petrera F, Bonin S, Bussolati G. A novel fixative improves 
opportunities of nucleic acids and proteomic analysis in human archive’s 
tissues. Diagn Mol Pathol. 2006;15:115–23.

135.	 Ahram M, Flaig MJ, Gillespie JW, Duray PH, Linehan WM, Ornstein DK, et al. 
Evaluation of ethanol-fixed, paraffin‐embedded tissues for proteomic appli-
cations. Proteomics. 2003;3:413–21.

136.	 Richter KN, Revelo NH, Seitz KJ, Helm MS, Sarkar D, Saleeb RS, et al. Glyoxal as 
an alternative fixative to formaldehyde in immunostaining and super-resolu-
tion microscopy. EMBO J. 2017;37:139–59.

137.	 Ongay S, Langelaar-Makkinje M, Stoop MP, Liu N, Overkleeft H, Luider TM, et 
al. Cleavable crosslinkers as tissue fixation reagents for proteomic analysis. 
ChemBioChem. 2018;19(7):736–43.

138.	 Radpour R, Sikora M, Grussenmeyer T, Kohler C, Barekati Z, Holzgreve W, et 
al. Simultaneous isolation of DNA, RNA, and proteins for genetic, epigenetic, 
transcriptomic, and proteomic analysis. J Proteome Res. 2009;8 11:5264–74.

139.	 Leichtle AB, Dufour J-F, Fiedler GM. Potentials and pitfalls of clinical peptido-
mics and metabolomics. Swiss Med Wkly. 2013;143:w13801.

140.	 Paulovich AG, Whiteaker JR, Hoofnagle AN, Wang P. The interface between 
biomarker discovery and clinical validation: the Tar pit of the protein bio-
marker pipeline. Proteom Clin Appl. 2008;2(10–11):1386–402.

141.	 Leitner A. Crosslinking and other structural proteomics techniques: how 
chemistry is enabling mass spectrometry applications in structural biology. 
Chem Sci. 2016;7:4792–803.

142.	 Migneault I, Dartiguenave C, Bertrand MJ, Waldron KC. Glutaraldehyde: 
behavior in aqueous solution, reaction with proteins, and application to 
enzyme crosslinking. Biotechniques. 2004;37 5(790–6):8–802.

143.	 Gordon A, Kannan S, Gousset K. A novel cell fixation method that 
greatly enhances protein identification in microproteomic studies using 
laser capture microdissection and mass spectrometry. Proteomics. 
2018;18(11):e1700294.

144.	 Kawahara J-i, Ishikawa K, Uchimaru T, Takaya H. Chemical crosslinking by 
glutaraldehyde between amino groups: its mechanism and effects. In: Swift 
G, Carraher CE, Bowman CN, editors. Polymer modification. Boston, MA: 
Springer US; 1997. pp. 119–31.

145.	 Reimel BA, Pan S, May DH, Shaffer SA, Goodlett DR, McIntosh M, et 
al. Proteomics on fixed tissue Specimens - A review. Curr Proteomics. 
2009;6(1):63–9.

146.	 Chaurand P, Latham JC, Lane KB, Mobley JA, Polosukhin VV, Wirth PS, et al. 
Imaging mass spectrometry of intact proteins from alcohol-preserved tissue 
specimens: bypassing formalin fixation. J Proteome Res. 2008;7 8:3543–55.

147.	 Gustafsson JOR, Oehler MK, Ruszkiewicz A, McColl SR, Hoffmann P. MALDI 
imaging mass spectrometry (MALDI-IMS)—Application of Spatial proteomics 
for ovarian cancer classification and diagnosis. Int J Mol Sci. 2011;12:773–94.

148.	 Kokkat TJ, McGarvey D, Patel MS, Tieniber AD, Livolsi VA, Baloch ZW. Protein 
extraction from methanol fixed paraffin embedded tissue blocks: A new pos-
sibility using cell blocks. CytoJournal. 2013;10(23).

149.	 Chen G, Liu H, Wang X, Li Z. In vitro methylation by methanol: proteomic 
screening and prevalence investigation. Anal Chim Acta. 2010;661 1:67–75.

150.	 Gustafsson JO, Oehler MK, Ruszkiewicz A, McColl SR, Hoffmann P. MALDI 
imaging mass spectrometry (MALDI-IMS)-application of Spatial pro-
teomics for ovarian cancer classification and diagnosis. Int J Mol Sci. 
2011;12(1):773–94.

151.	 Bussolati G, Annaratone L, Berrino E, Miglio U, Panero M, Cupo M, et al. Acid-
free Glyoxal as a substitute of formalin for structural and molecular preserva-
tion in tissue samples. PLoS ONE. 2017;12(8):e0182965.

152.	 Chen HJC, Chen Y-C, Hsiao C-F, Chen PF. Mass spectrometric analysis of 
Glyoxal and Methylglyoxal-Induced modifications in human hemoglobin 
from poorly controlled type 2 diabetes mellitus patients. Chem Res Toxicol. 
2015;28 12:2377–89.

153.	 Lee KI, O’Reilly FJ. Crosslinking mass spectrometry for mapping protein com-
plex topologies in situ. Essays Biochem. 2023;67:215–28.

154.	 Piersimoni L, Kastritis PL, Arlt C, Sinz A. Crosslinking mass spectrometry 
for investigating protein conformations and protein-Protein interactionsa 
method for all seasons. Chem Rev. 2021;122(8):7500–31.

155.	 Gutierrez CB, Salituro LJ, Yu C, Wang X, DePeter SF, Rychnovsky SD, et al. 
Enabling photoactivated crosslinking mass spectrometric analysis of protein 
complexes by novel MS-Cleavable Cross-Linkers. Mol Cell Proteomics: MCP. 
2021;20:100084.



Page 34 of 38AlHammadi et al. Clinical Proteomics           (2025) 22:45 

156.	 Gotze M, Iacobucci C, Ihling CH, Sinz A. A simple Crosslinking/Mass 
spectrometry workflow for studying System-wide protein interactions. Anal 
Chem. 2019;91(15):10236–44.

157.	 Fowler CB, Waybright TJ, Veenstra TD, O’Leary TJ, Mason JT. Pressure-Assisted 
protein extraction: A novel method for recovering proteins from archival 
tissue for proteomic analysis. J Proteome Res. 2012;11:2602–8.

158.	 Fowler CB, Waybright TJ, Veenstra TD, O’Leary TJ, Mason JT. Pressure-assisted 
protein extraction: a novel method for recovering proteins from archival tis-
sue for proteomic analysis. J Proteome Res. 2012;11(4):2602–8.

159.	 Valera VA, Walter BA, Linehan WM, Roberts DD, Merino M. Proteomic analysis 
of Formalin-Fixed paraffin embedded (FFPE) samples: pitfalls and potentials. 
Curr Proteomics. 2009;6:122–39.

160.	 Gao H, Zhang F, Liang S, Zhang Q, Lyu M, Qian L, et al. Correction to acceler-
ated Lysis and proteolytic digestion of Biopsy-Level Fresh-Frozen and 
FFPE tissue samples using pressure cycling technology. J Proteome Res. 
2020;19(7):2907.

161.	 Lin Y, Zhou J, Bi D, Chen P, Wang X, Liang S. Sodium-deoxycholate-assisted 
tryptic digestion and identification of proteolytically resistant proteins. Anal 
Biochem. 2008;377(2):259–66.

162.	 Lin Y, Wang K, Yan Y, Lin H, Peng B, Liu Z. Evaluation of the combinative 
application of SDS and sodium deoxycholate to the LC-MS-based shotgun 
analysis of membrane proteomes. J Sep Sci. 2013;36(18):3026–34.

163.	 Churchward MA, Butt RH, Lang JC, Hsu KK, Coorssen JR. Enhanced detergent 
extraction for analysis of membrane proteomes by two-dimensional gel 
electrophoresis. Proteome Sci. 2005;3(1):5.

164.	 Lin Y, Liu Y, Li J, Zhao Y, He Q, Han W, et al. Evaluation and optimization of 
removal of an acid-insoluble surfactant for shotgun analysis of membrane 
proteome. Electrophoresis. 2010;31(16):2705–13.

165.	 Chevallet M, Santoni V, Poinas A, Rouquié D, Fuchs A, Kieffer S, et al. New 
zwitterionic detergents improve the analysis of membrane proteins by two-
dimensional electrophoresis. Electrophoresis. 1998;19(11):1901–9.

166.	 Mainini V, Angel PM, Magni F, Caprioli RM. Detergent enhancement of on-
tissue protein analysis by matrix-assisted laser desorption/ionization imaging 
mass spectrometry. Rapid Commun Mass Spectrometry: RCM. 2011;25 
1:199–204.

167.	 Wu F, Sun D, Wang N, Gong Y, Li L. Comparison of surfactant-assisted shotgun 
methods using acid-labile surfactants and sodium Dodecyl sulfate for mem-
brane proteome analysis. Anal Chim Acta. 2011;698(1–2):36–43.

168.	 Wolff C, Schott C, Porschewski P, Reischauer B, Becker KF. Successful protein 
extraction from over-fixed and long-term stored formalin-fixed tissues. PLoS 
ONE. 2011;6(1):e16353.

169.	 Garcia-Vence M, Chantada-Vazquez MDP, Sosa-Fajardo A, Agra R, de la Barcia 
A, Otero-Glez A, et al. Protein extraction from FFPE kidney tissue samples: 
A review of the literature and characterization of techniques. Front Med 
(Lausanne). 2021;8:657313.

170.	 Zhu Y, Weiss T, Zhang Q, Sun R, Wang B, Yi X, et al. High-throughput pro-
teomic analysis of FFPE tissue samples facilitates tumor stratification. Mol 
Oncol. 2019;13(11):2305–28.

171.	 Jiang Y, Rex DAB, Schuster D, Neely BA, Rosano GL, Volkmar N, et al. Compre-
hensive overview of Bottom-Up proteomics using mass spectrometry. ACS 
Meas Sci Au. 2024;4:338–417.

172.	 Taverna D, Mignogna C, Santise G, Gaspari M, Cuda G. On-Tissue Hydrogel-
Mediated nondestructive proteomic characterization: application to fr/fr and 
FFPE tissues and insights for quantitative proteomics using a case of cardiac 
Myxoma. Proteom Clin Appl. 2019;13(1):e1700167.

173.	 Hughes CS, Foehr S, Garfield DA, Furlong EE, Steinmetz LM, Krijgsveld J. 
Ultrasensitive proteome analysis using paramagnetic bead technology. Mol 
Syst Biol. 2014;10(10):757.

174.	 Alexovič M, Sabó J, Longuespée R. Microproteomic sample Preparation. 
Proteomics. 2021;21(9):e2000318.

175.	 Feist PE, Hummon AB. Proteomic challenges: sample Preparation techniques 
for Microgram-Quantity protein analysis from biological samples. Int J Mol 
Sci. 2015;16:3537–63.

176.	 Negm OH, Muftah AA, Aleskandarany MA, Hamed MR, Ahmad DA, Nolan CC, 
et al. Clinical utility of reverse phase protein array for molecular classification 
of breast cancer. Breast Cancer Res Treat. 2016;155(1):25–35.

177.	 Mantsiou A, Makridakis M, Fasoulakis K, Katafigiotis I, Constantinides CA, Zoi-
dakis J, et al. Proteomics analysis of formalin fixed paraffin embedded tissues 
in the investigation of prostate cancer. J Proteome Res. 2020;19(7):2631–42.

178.	 Craven RA, Banks RE. Laser capture microdissection and proteomics: possibili-
ties and limitation. Proteomics. 2001;1(10):1200–4.

179.	 Curran S, McKay JA, McLeod HL, Murray GI. Laser capture microscopy. Mol 
Pathol. 2000;53(2):64–8.

180.	 Emmert-Buck MR, Bonner RF, Smith PD, Chuaqui RF, Zhuang Z, Goldstein SR, 
et al. Laser Capture Microdissection Sci. 1996;274:1001–998.

181.	 Xu BJ. Combining laser capture microdissection and proteomics: methodolo-
gies and clinical applications. Proteom – Clin Appl. 2010;4(2):116–23.

182.	 Datta S, Malhotra L, Dickerson R, Chaffee S, Sen C, Roy S. Laser capture 
microdissection: big data from small samples. Histol Histopathol. 2015;30 
11:1255–69.

183.	 Gallagher RI, Blakely SR, Liotta LA, Espina V. Laser capture microdissection: 
Arcturus(XT) infrared capture and UV cutting methods. Methods Mol Biol. 
2012;823:157–78.

184.	 Vandewoestyne M, Goossens K, Burvenich C, Van Soom A, Peelman L, 
Deforce D. Laser capture microdissection: should an ultraviolet or infrared 
laser be used? Anal Biochem. 2013;439 2:88–98.

185.	 Makhmut A, Qin D, Fritzsche S, Nimo J, König J, Coscia F. A framework for 
ultra-low input Spatial tissue proteomics. Cell Syst. 2023;14(11):1002–e145.

186.	 Umar A, Luider TM, Foekens JA, Paša-Tolić L. NanoLC-FT‐ICR MS improves pro-
teome coverage attainable for ∼3000 laser‐microdissected breast carcinoma 
cells. Proteomics. 2007;7(2):323–9.

187.	 McMillen JC, Gutierrez DB, Judd AM, Spraggins JM, Caprioli RM. Enhance-
ment of tryptic peptide signals from tissue sections using MALDI IMS 
postionization (MALDI-2). J Am Soc Mass Spectrom. 2021;32(10).

188.	 Liotta LA, Pappalardo PA, Carpino A, Haymond A, Howard M, Espina V, et al. 
Laser capture proteomics: Spatial tissue molecular profiling from the bench 
to personalized medicine. Expert Rev Proteom. 2021;18(10):845–61.

189.	 Pozniak Y, Geiger T. Design and application of super-SILAC for proteome 
quantification. Methods Mol Biol. 2014;1188:281–91.

190.	 Shenoy A, Geiger T. Super-SILAC: current trends and future perspectives. 
Expert Rev Proteom. 2015;12(1):13–9.

191.	 Noberini R, Bonaldi T. A Super-SILAC strategy for the accurate and multi-
plexed profiling of histone posttranslational modifications. Methods Enzy-
mol. 2017;586:311–32.

192.	 Avaritt NL, Shalin SC, Tackett AJ. Decoding the proteome in Formalin-Fixed 
Paraffin-Embedded (FFPE)Tissues. J Proteom Bioinf. 2014;7:3.

193.	 Geiger T, Wehner A, Schaab C, Cox J, Mann M. Comparative proteomic analy-
sis of eleven common cell lines reveals ubiquitous but varying expression of 
most proteins. Mol Cell Proteom. 2012;11(3):M111014050.

194.	 Bayer M, Angenendt L, Schliemann C, Hartmann W, Konig S. Are formalin-
fixed and paraffin-embedded tissues fit for proteomic analysis? J Mass 
Spectrom. 2020;55(8):e4347.

195.	 Kiss A, Heeren RM. Size, weight and position: ion mobility spectrometry and 
imaging MS combined. Anal Bioanal Chem. 2011;399(8):2623–34.

196.	 Sweet S, Chain D, Yu W, Martin P, Rebelatto M, Chambers A, et al. The addition 
of FAIMS increases targeted proteomics sensitivity from FFPE tumor biopsies. 
Sci Rep. 2022;12(1):13876.

197.	 Meier F, Park MA, Mann M. Trapped ion mobility spectrometry and paral-
lel Accumulation-Serial fragmentation in proteomics. Mol Cell Proteom. 
2021;20:100138.

198.	 Mark E, Ridgeway AP. Trapped ion mobility spectrometry: A short review. 
International Journal of Mass Spectrometry. 2018;425:22–35.

199.	 Silveira JA, Ridgeway ME, Park MA. High resolution trapped ion mobility 
spectrometery of peptides. Anal Chem. 2014;86(12):5624–7.

200.	 Corporation B. timsTOF Ultra 2: Bruker Corporation; 2024 [Available from: ​h​t​t​p​​
s​:​/​​/​w​w​w​​.​b​​r​u​k​​e​r​.​​c​o​m​/​​e​n​​/​p​r​​o​d​u​​c​t​s​-​​a​n​​d​-​s​​o​l​u​​t​i​o​n​​s​/​​m​a​s​​s​-​s​​p​e​c​t​​r​o​​m​e​t​​r​y​/​​t​i​m​s​​t​o​​f​/​
t​i​m​s​t​o​f​-​u​l​t​r​a​.​h​t​m​l

201.	 Merritt C, Barker K, Metz HE, Dennis L, Webster P, Beechem JM. Analytical 
validation of digital Spatial Profiling - a novel approach for multiplexed char-
acterization of protein distribution and abundance in FFPE tissue sections. J 
Immunol. 2018;200(Supplement 1):17423.

202.	 Van T-M, Blank CU. A user’s perspective on GeoMxTM digital Spatial profiling. 
Immuno-Oncology Technol. 2019;1:11–8.

203.	 Smith KD, Prince DK, MacDonald JW, Bammler TK, Akilesh S. Challenges and 
opportunities for the clinical translation of Spatial transcriptomics technolo-
gies. Glomerular Dis. 2024;4(1):49–63.

204.	 Warren S, Metz HE, Barker K, Gong J, VanSchoiack A, Huynh QV, et al. Abstract 
3858: validation of digital Spatial profiling of key immuno-oncology targets 
for mouse FFPE preclinical models. Cancer Res. 2018;78(Supplement 
13):3858.

205.	 Merritt CR, Ong GT, Church SE, Barker K, Danaher P, Geiss G, et al. Multiplex 
digital Spatial profiling of proteins and RNA in fixed tissue. Nat Biotechnol. 
2020;38(5):586–99.

https://www.bruker.com/en/products-and-solutions/mass-spectrometry/timstof/timstof-ultra.html
https://www.bruker.com/en/products-and-solutions/mass-spectrometry/timstof/timstof-ultra.html
https://www.bruker.com/en/products-and-solutions/mass-spectrometry/timstof/timstof-ultra.html


Page 35 of 38AlHammadi et al. Clinical Proteomics           (2025) 22:45 

206.	 Liu S, Liu Z, Shang A, Xun J, Lv Z, Zhou S, et al. CD44 is a potential immu-
notherapeutic target and affects macrophage infiltration leading to poor 
prognosis. Sci Rep. 2023;13(1):9657.

207.	 Hernandez S, Lazcano R, Serrano A, Powell S, Kostousov L, Mehta J, et al. 
Challenges and opportunities for Immunoprofiling using a Spatial High-Plex 
technology: the NanoString GeoMx((R)) digital Spatial profiler. Front Oncol. 
2022;12:890410.

208.	 Groseclose MR, Massion PP, Chaurand P, Caprioli RM. High-throughput pro-
teomic analysis of formalin-fixed paraffin-embedded tissue microarrays using 
MALDI imaging mass spectrometry. Proteomics. 2008;8(18):3715–24.

209.	 Hrabak J, Chudackova E, Walkova R. Matrix-assisted laser desorption ioniza-
tion-time of flight (maldi-tof ) mass spectrometry for detection of antibiotic 
resistance mechanisms: from research to routine diagnosis. Clin Microbiol 
Rev. 2013;26(1):103–14.

210.	 Cornett DS, Reyzer ML, Chaurand P, Caprioli RM. MALDI imaging mass 
spectrometry: molecular snapshots of biochemical systems. Nat Methods. 
2007;4(10):828–33.

211.	 Schwartz SA, Reyzer ML, Caprioli RM. Direct tissue analysis using matrix-
assisted laser desorption/ionization mass spectrometry: practical aspects of 
sample Preparation. J Mass Spectrom. 2003;38(7):699–708.

212.	 Thomas A, Chaurand P. Advances in tissue section Preparation for MALDI 
imaging MS. Bioanalysis. 2014;6:7967–82.

213.	 Moore JL, Charkoftaki G. A guide to MALDI imaging mass spectrometry for 
tissues. J Proteome Res. 2023;22(11):3401–17.

214.	 Ryan DJ, Spraggins JM, Caprioli RM. Protein identification strategies in 
MALDI imaging mass spectrometry: a brief review. Curr Opin Chem Biol. 
2019;48:64–72.

215.	 Skraskova K, Heeren RM. A review of complementary separation methods 
and matrix assisted laser desorption ionization-mass spectrometry imaging: 
Lowering sample complexity. J Chromatogr A. 2013;1319:1–13.

216.	 Kubo A, Kajimura M, Suematsu M. Matrix-Assisted laser Desorption/Ionization 
(MALDI) imaging mass spectrometry (IMS): A challenge for reliable quantita-
tive analyses. Mass Spectrom (Tokyo). 2012;1(1):A0004.

217.	 Shimma S, Sugiura Y. Effective sample preparations in imaging mass spec-
trometry. Mass Spectrom (Tokyo). 2014;3(Spec Issue):S0029.

218.	 Chen RJ, Lu MY, Williamson DFK, Chen TY, Lipková J, Noor Z et al. Pan-cancer 
integrative histology-genomic analysis via multimodal deep learning. Cancer 
Cell. 2022;40 8:865 – 78.e6.

219.	 Chen RJ, Lu MY, Williamson DFK, Chen TY, Lipková J, Shaban M et al. Pan-
Cancer integrative Histology-Genomic analysis via interpretable multimodal 
deep learning. ArXiv. 2021;abs/2108.02278.

220.	 Yu KH, Berry GJ, Rubin D, Ré C, Altman RB, Snyder M. Association of omics 
features with histopathology patterns in lung adenocarcinoma. Cell Syst. 
2017;5(6):620–e73.

221.	 Madabhushi A, Doyle S, Lee G, Basavanhally A, Monaco J, Masters S, et al. 
Integrated diagnostics: a conceptual framework with examples. Clin Chem 
Lab Med. 2010;48(7):989–98.

222.	 Thiery J, Fahrner M. Integration of proteomics in the molecular tumor board. 
Proteomics. 2023;24(12–13):e2300002.

223.	 Xu Y, Lih TM, De Marzo AM, Li QK, Zhang H. SPOT: Spatial proteomics through 
on-site tissue-protein-labeling. Clin Proteomics. 2024;21(1):60.

224.	 Gatto L, Breckels LM, Burger T, Nightingale DJ, Groen AJ, Campbell C, et al. 
A foundation for reliable Spatial proteomics data analysis. Mol Cell Proteom. 
2014;13(8):1937–52.

225.	 Administration USFaD. Clinical Trial Endpoints for the Approval of Cancer 
Drugs and Biologics. U.S. Food and Drug Administration; 218.

226.	 Giusti L, Iacconi P, Lucacchini A. Fine-needle aspiration for proteomic study of 
tumour tissues. Proteom – Clin Appl. 2011;5(1–2):24–9.

227.	 VanderLaan PA. Fine-needle aspiration and core needle biopsy: an update on 
2 common minimally invasive tissue sampling modalities. Cancer Cytopathol. 
2016;124(12):862–70.

228.	 Franzén B, Kamali-Moghaddam M, Alexeyenko A, Hatschek T, Becker S, Wik L, 
et al. A fine-needle aspiration‐based protein signature discriminates benign 
from malignant breast lesions. Mol Oncol. 2018;12:1415–28.

229.	 Giusti L, Iacconi P, Ciregia F, Giannaccini G, Donatini G, Basolo F, et al. Fine-
needle aspiration of thyroid nodules: proteomic analysis to identify cancer 
biomarkers. J Proteome Res. 2008;7 9:4079–88.

230.	 Ullal AV, Peterson VM, Agasti SS, Tuang SL, Juric D, Castro CM, et al. Cancer 
cell profiling by barcoding allows multiplexed protein analysis in Fine-Needle 
aspirates. Sci Transl Med. 2014;6:219. ra9 - ra9.

231.	 Wang H, Qian W-J, Mottaz HM, Clauss TRW, Anderson DJ, Moore RJ, et al. 
Development and evaluation of a micro- and nanoscale proteomic sample 
Preparation method. J Proteome Res. 2005;4 6:2397–403.

232.	 Zimmerman AJ, Greguš M, Ivanov AR. Comprehensive Micro-SPE-Based 
Bottom-Up proteomic workflow for sensitive analysis of limited samples. 
Methods Mol Biol. 2024;2817:19–31.

233.	 Martin JG, Rejtar T, Martin SA. Integrated microscale analysis system for 
targeted liquid chromatography mass spectrometry proteomics on limited 
amounts of enriched cell populations. Anal Chem. 2013;85 22:10680–5.

234.	 Kassem S, van der Pan K, de Jager AL, Naber B, de Laat IF, Louis A, et al. 
Proteomics for low cell numbers: how to optimize the sample Preparation 
workflow for mass spectrometry analysis. J Proteome Res. 2021;20:4217–30.

235.	 Kostas JC, Greguš M, Schejbal J, Ray S, Ivanov AR. Simple and efficient 
Microsolid-Phase extraction Tip-Based sample Preparation workflow to 
enable sensitive proteomic profiling of limited samples (200 to 10,000 Cells). J 
Proteome Res. 2021;20(3):1676–88.

236.	 Yi L, Piehowski PD, Shi T, Smith RD, Qian W-J. Advances in microscale separa-
tions towards nanoproteomics applications. J Chromatogr A. 2017;1523:40–8.

237.	 Kanshin ED, Thibault P. Efficient sample processing for proteomics applica-
tions—Are we there yet? Mol Syst Biol. 2014;10:1–18.

238.	 Fu Q, Murray CI, Karpov OA, Van Eyk JE. Automated proteomic sample 
preparation: the key component for high throughput and quantitative mass 
spectrometry analysis. Mass Spectrom Rev. 2021;42(2):873–86.

239.	 Kelly RT, Zhu Y, Liang Y, Cong Y, Piehowski PD, Dou M et al. Single cell 
proteome mapping of tissue heterogeneity using microfluidic nanodrop-
let sample processing and ultrasensitive LC-MS. J Biomol Techniques: JBT. 
2019;30 Suppl:S61.

240.	 Wu R, Xing S, Badv M, Didar TF, Lu Y. Step-wise assessment and optimization 
of sample handling recovery yield for nanoproteomic analysis of 1000 mam-
malian cells. Anal Chem. 2019;91(16):10395–400.

241.	 da Cunha Santos G, Saieg MA, Troncone G, Zeppa P. Cytological preparations 
for molecular analysis: A review of technical procedures, advantages and 
limitations for referring samples for testing. Cytopathology. 2018;29:125–32.

242.	 Nikas IP, Ryu HS. The application of high-throughput proteomics in cytopa-
thology. J Pathol Translational Med. 2022;56:309–18.

243.	 Vitko D, Fern S, oJ, Parapatics K, Koperek O, Pötzi C, et al. Proteomic and 
clinical analysis of a Fine-Needle aspirate biopsy from a single cold thyroid 
nodule: A case study. J Clin Case Rep. 2016;6:1–4.

244.	 Chhieng DC, Cangiarella JF, Zakowski MF, Goswami S, Cohen JM, Yee HT. Use 
of thyroid transcription factor 1, PE-10, and cytokeratins 7 and 20 in discrimi-
nating between primary lung carcinomas and metastatic lesions in fine‐
needle aspiration biopsy specimens. Cancer Cytopathol. 2001;93(5):330–6.

245.	 Dennis JL, Hvidsten TR, Wit EC, Komorowski J, Bell AK, Downie I, et al. Markers 
of adenocarcinoma characteristic of the site of origin: development of a 
diagnostic algorithm. Clin Cancer Res. 2005;11:3766–72.

246.	 Park HE, Han D, Lee JS, Nikas IP, Kim H, Yang S, et al. Comparison of breast 
Fine-Needle aspiration cytology and tissue sampling for High-Throughput 
proteomic analysis and cancer biomarker detection. Pathobiology. 
2024;91:359–69.

247.	 Pierobon M, Wulfkuhle JD, Liotta LA, Petricoin EF III. Utilization of pro-
teomic technologies for precision oncology applications. Cancer Treat Res. 
2019;178:171–87.

248.	 Steiner C, Lescuyer P, Tille JC, Cutler P, Ducret A. Development of a highly 
multiplexed SRM assay for biomarker discovery in Formalin-Fixed Paraffin-
Embedded tissues. Methods Mol Biol. 2019;1959:185–203.

249.	 Sprung RW, Martinez MA, Carpenter KL, Ham AJ, Washington MK, Arteaga 
CL, et al. Precision of multiple reaction monitoring mass spectrometry 
analysis of formalin-fixed, paraffin-embedded tissue. J Proteome Res. 
2012;11(6):3498–505.

250.	 Ludwig C, Aebersold R. CHAPTER 4: Getting Absolute: Determining Absolute 
Protein Quantities via Selected Reaction Monitoring Mass Spectrometry. In: 
Eyers CE, Gaskell S, editors. Quantitative Proteomics. New Developments in 
Mass Spectrometry 2014. pp. 80–109.

251.	 Steiner C, Tille JC, Lamerz J, Kux van Geijtenbeek S, McKee TA, Venturi M, 
et al. Quantification of HER2 by targeted mass spectrometry in Formalin-
Fixed Paraffin-Embedded (FFPE) breast cancer tissues. Mol Cell Proteom. 
2015;14(10):2786–99.

252.	 Hembrough T, Thyparambil S, Liao WL, Darfler MM, Abdo J, Bengali KM, et al. 
Application of selected reaction monitoring for multiplex quantification of 
clinically validated biomarkers in formalin-fixed, paraffin-embedded tumor 
tissue. J Mol Diagn. 2013;15(4):454–65.



Page 36 of 38AlHammadi et al. Clinical Proteomics           (2025) 22:45 

253.	 Chen Y, Britton D, Wood ER, Brantley S, Magliocco A, Pike I, et al. Quantitative 
proteomics of breast tumors: tissue quality assessment to clinical biomarkers. 
Proteomics. 2017;17(6). ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​p​​m​i​c​.​2​0​1​6​0​0​3​3​5.

254.	 Catenacci DV, Liao WL, Thyparambil S, Henderson L, Xu P, Zhao L, et al. Abso-
lute quantitation of Met using mass spectrometry for clinical application: 
assay precision, stability, and correlation with MET gene amplification in FFPE 
tumor tissue. PLoS ONE. 2014;9(7):e100586.

255.	 Hembrough T, Thyparambil S, Liao WL, Darfler MM, Abdo J, Bengali KM, et 
al. Selected reaction monitoring (SRM) analysis of epidermal growth factor 
receptor (EGFR) in formalin fixed tumor tissue. Clin Proteom. 2012;9(1):5.

256.	 Zhi W, Wang M, She JX. Selected reaction monitoring (SRM) mass spectrom-
etry without isotope labeling can be used for rapid protein quantification. 
Rapid Commun Mass Spectrom. 2011;25(11):1583–8.

257.	 Rauniyar N. Parallel reaction monitoring: A targeted experiment performed 
using high resolution and high mass accuracy mass spectrometry. Int J Mol 
Sci. 2015;16(12):28566–81.

258.	 Bourmaud A, Gallien S, Domon B. Parallel reaction monitoring using quad-
rupole-Orbitrap mass spectrometer: principle and applications. Proteomics. 
2016;16(15–16):2146–59.

259.	 Gallien S, Domon B. Advances in high-resolution quantitative proteomics: 
implications for clinical applications. Expert Rev Proteom. 2015;12(5):489–98.

260.	 Peterson AC, Russell JD, Bailey DJ, Westphall MS, Coon JJ. Parallel reaction 
monitoring for high resolution and high mass accuracy quantitative, targeted 
proteomics. Mol Cell Proteom. 2012;11(11):1475–88.

261.	 Gallien S, Bourmaud A, Kim SY, Domon B. Technical considerations for large-
scale parallel reaction monitoring analysis. J Proteom. 2014;100:147–59.

262.	 Schilling B, MacLean B, Held JM, Sahu AK, Rardin MJ, Sorensen DJ, et al. Mul-
tiplexed, Scheduled, High-Resolution parallel reaction monitoring on a full 
scan QqTOF instrument with integrated Data-Dependent and targeted mass 
spectrometric workflows. Anal Chem. 2015;87(20):10222–9.

263.	 Hernandez B, Parnell A, Pennington SR. Why have so few proteomic biomark-
ers survived validation? (Sample size and independent validation consider-
ations). Proteomics. 2014;14(13–14):1587–92.

264.	 Pascovici D, Handler DC, Wu JX, Haynes PA. Multiple testing correc-
tions in quantitative proteomics: A useful but blunt tool. Proteomics. 
2016;16(18):2448–53.

265.	 Pepe MS, Li CI, Feng Z. Improving the quality of biomarker discovery research: 
the right samples and enough of them. Cancer Epidemiol Biomarkers Prev. 
2015;24(6):944–50.

266.	 Zhou C, Simpson KL, Lancashire LJ, Walker MJ, Dawson MJ, Unwin RD, et 
al. Statistical considerations of optimal study design for human plasma 
proteomics and biomarker discovery. J Proteome Res. 2012;11(4):2103–13.

267.	 Hernández B, Parnell AC, Pennington SR. Why have so few proteomic 
biomarkers survived validation? (Sample size and independent validation 
considerations). Proteomics. 2014;14(13–14):1587–92.

268.	 Feng Z, Prentice RL, Srivastava S. Research issues and strategies for genomic 
and proteomic biomarker discovery and validation: a statistical perspective. 
Pharmacogenomics. 2004;5 6:709–19.

269.	 Ye X, Blonder J, Veenstra TD. Targeted proteomics for validation of biomarkers 
in clinical samples. Brief Funct Genomic Proteomic. 2009;8(2):126–35.

270.	 Feng Z, Prentice R, Srivastava S. Research issues and strategies for genomic 
and proteomic biomarker discovery and validation: a statistical perspective. 
Pharmacogenomics. 2004;5(6):709–19.

271.	 Desaire H. How (Not) to generate a highly predictive biomarker panel using 
machine learning. J Proteome Res. 2022;21(9):2071–4.

272.	 Castaldi PJ, Dahabreh IJ, Ioannidis JP. An empirical assessment of validation 
practices for molecular classifiers. Brief Bioinform. 2011;12(3):189–202.

273.	 True LD. Methodological requirements for valid tissue-based biomarker stud-
ies that can be used in clinical practice. Virchows Arch. 2014;464(3):257–63.

274.	 Pepe MS, Feng Z, Janes H, Bossuyt PM, Potter JD. Pivotal evaluation of the 
accuracy of a biomarker used for classification or prediction: standards for 
study design. J Natl Cancer Inst. 2008;100(20):1432–8.

275.	 McShane LM, Hayes DF. Publication of tumor marker research results: 
the necessity for complete and transparent reporting. J Clin Oncol. 
2012;30(34):4223–32.

276.	 McShane LM, Altman DG, Sauerbrei W, Taube SE, Gion M, Clark GM, et 
al. REporting recommendations for tumour marker prognostic studies 
(REMARK). Br J Cancer. 2005;93(4):387–91.

277.	 Mallett S, Timmer A, Sauerbrei W, Altman DG. Reporting of prognostic studies 
of tumour markers: a review of published articles in relation to REMARK 
guidelines. Br J Cancer. 2010;102(1):173–80.

278.	 Boellner S, Becker KF. Reverse phase protein Arrays—Quantitative assessment 
of multiple biomarkers in biopsies for clinical use. Microarrays. 2015;4:98–114.

279.	 Coarfa C, Grimm SL, Rajapakshe KI, Perera DN, Lu HY, Wang X et al. Reverse-
Phase protein array: Technology, Application, data Processing, and integra-
tion. J Biomol Techniques: JBT. 2021;32(1).

280.	 Chung JY, Hewitt SM. A well-based reverse-phase protein array of formalin-
fixed paraffin-embedded tissue. Methods Mol Biol. 2015;1312:129–39.

281.	 Baldelli E, Calvert VS, Hodge A, Vanmeter AJ, Petricoin EF, Pierobon M. Reverse 
phase protein microarrays. Methods Mol Biol. 2017;1606:149–69.

282.	 Wachter A, Bernhardt S, Beissbarth T, Korf U. Microarrays (Basel). 
2015;4(4):520–39. Analysis of Reverse Phase Protein Array Data: From Experi-
mental Design towards Targeted Biomarker Discovery.

283.	 Byron A. Reproducibility and crossplatform validation of Reverse-Phase 
protein array data. Adv Exp Med Biol. 2019;1188:181–201.

284.	 Lu Y, Ling S, Hegde AM, Byers LA, Coombes K, Mills GB, et al. Using reverse-
phase protein arrays as pharmacodynamic assays for functional proteomics, 
biomarker discovery, and drug development in cancer. Semin Oncol. 
2016;43(4):476–83.

285.	 Buck A, Heijs B, Beine B, Schepers J, Cassese A, Heeren RMA, et al. Round 
robin study of formalin-fixed paraffin-embedded tissues in mass spectrom-
etry imaging. Anal Bioanal Chem. 2018;410(23):5969–80.

286.	 Semmes OJ, Feng Z, Adam BL, Banez LL, Bigbee WL, Campos D, et al. Evalua-
tion of serum protein profiling by surface-enhanced laser desorption/ioniza-
tion time-of-flight mass spectrometry for the detection of prostate cancer: I. 
Assessment of platform reproducibility. Clin Chem. 2005;51(1):102–12.

287.	 Boskamp T, Casadonte R, Hauberg-Lotte L, Deininger S, Kriegsmann J, Maass 
P. Cross-Normalization of MALDI mass spectrometry imaging data improves 
Site-to-Site reproducibility. Anal Chem. 2021;93(30):10584–92.

288.	 Li J, Kelm KB, Tezak Z. Regulatory perspective on translating proteomic 
biomarkers to clinical diagnostics. J Proteom. 2011;74(12):2682–90.

289.	 Geno KA, Cervinski MA. Impact of the loss of laboratory developed mass 
spectrometry testing at a major academic medical center. J Mass Spectrom 
Adv Clin Lab. 2023;28:63–6.

290.	 Rodriguez H, Tezak Z, Mesri M, Carr SA, Liebler DC, Fisher SJ, et al. Analytical 
validation of protein-based multiplex assays: a workshop report by the NCI-
FDA interagency oncology task force on molecular diagnostics. Clin Chem. 
2010;56(2):237–43.

291.	 Regnier FE, Skates SJ, Mesri M, Rodriguez H, Tezak Z, Kondratovich MV, et al. 
Protein-based multiplex assays: mock presubmissions to the US food and 
drug administration. Clin Chem. 2010;56(2):165–71.

292.	 Boja ES, Jortani SA, Ritchie J, Hoofnagle AN, Tezak Z, Mansfield E, et al. The 
journey to regulation of protein-based multiplex quantitative assays. Clin 
Chem. 2011;57(4):560–7.

293.	 Li D, Chan DW. Proteomic cancer biomarkers from discovery to approval: it’s 
worth the effort. Expert Rev Proteom. 2014;11(2):135–6.

294.	 Deutsch EW, Orchard S, Binz PA, Bittremieux W, Eisenacher M, Hermjakob 
H, et al. Proteomics standards initiative: fifteen years of progress and future 
work. J Proteome Res. 2017;16(12):4288–98.

295.	 Cohen AM, Smalheiser NR, McDonagh MS, Yu C, Adams CE, Davis JM, et 
al. Automated confidence ranked classification of randomized controlled 
trial articles: an aid to evidence-based medicine. J Am Med Inf Assoc. 
2015;22(3):707–17.

296.	 Rudnick PA, Markey SP, Roth J, Mirokhin Y, Yan X, Tchekhovskoi DV, et al. A 
description of the clinical proteomic tumor analysis consortium (CPTAC) 
common data analysis pipeline. J Proteome Res. 2016;15(3):1023–32.

297.	 Mesri M, An E, Zhang X, Bavarva J, Robles AI, Hiltke T, et al. Abstract 1852: 
nci’s clinical proteomic tumor analysis consortium: A proteogenomic cancer 
analysis program. Cancer Res. 2024;84(6Supplement):1852.

298.	 Edwards NJ, Oberti M, Thangudu RR, Cai S, McGarvey PB, Jacob S, et al. The 
CPTAC data portal: A resource for cancer proteomics research. J Proteome 
Res. 2015;14(6):2707–13.

299.	 Whiteaker JR, Halusa GN, Hoofnagle AN, Sharma V, MacLean B, Yan P, et al. 
Using the CPTAC assay portal to identify and implement highly characterized 
targeted proteomics assays. Methods Mol Biol. 2016;1410:223–36.

300.	 Whiteaker JR, Halusa GN, Hoofnagle AN, Sharma V, MacLean B, Yan P, et al. 
CPTAC assay portal: a repository of targeted proteomic assays. Nat Methods. 
2014;11(7):703–4.

301.	 Marchione DM, Ilieva I, Devins K, Sharpe D, Pappin DJ, Garcia BA, et al. 
HYPERsol: High-Quality data from archival FFPE tissue for clinical proteomics. 
J Proteome Res. 2020;19(2):973–83.

https://doi.org/10.1002/pmic.201600335


Page 37 of 38AlHammadi et al. Clinical Proteomics           (2025) 22:45 

302.	 Vani K, Sompuram SR, Naber SP, Goldsmith JD, Fulton R, Bogen SA. Levey-
Jennings analysis uncovers unsuspected causes of immunohistochemistry 
stain variability. Appl Immunohistochem Mol Morphol. 2016;24(10):688–94.

303.	 Cairns DA. Statistical issues in quality control of proteomic analyses: good 
experimental design and planning. Proteomics. 2011;11(6):1037–48.

304.	 Tsantilas KA, Merrihew GE, Robbins JE, Johnson RS, Park J, Plubell DL, et al. 
A framework for quality control in quantitative proteomics. J Proteome Res. 
2024;23(10):4392–408.

305.	 Tabb DL. Quality assessment for clinical proteomics. Clin Biochem. 
2013;46(6):411–20.

306.	 Raab SS. The cost-effectiveness of immunohistochemistry. Arch Pathol Lab 
Med. 2000;124(8):1185–91.

307.	 Pujari GP, Mangalaparthi KK, Madden BJ, Bhat FA, Charlesworth MC, French 
AJ, et al. A High-Throughput workflow for FFPE tissue proteomics. J Am Soc 
Mass Spectrom. 2023;34(7):1225–9.

308.	 Garcia E, Kundu I, Fong K. The American society for clinical pathology’s 2021 
wage survey of medical laboratories in the united States. Am J Clin Pathol. 
2022;158(6):702–22.

309.	 Valenstein PN, Praestgaard AH, Lepoff RB. Six-year trends in productivity 
and utilization of 73 clinical laboratories: a college of American patholo-
gists laboratory management index program study. Arch Pathol Lab Med. 
2001;125(9):1153–61.

310.	 Robinson A. Rationale for cost-effective laboratory medicine. Clin Microbiol 
Rev. 1994;7(2):185–99.

311.	 Klein RD. Reimbursement in molecular pathology: bringing genomic medi-
cine to patients. Clin Chem. 2015;61(1):136–8.

312.	 Sireci AN, Aggarwal VS, Turk AT, Gindin T, Mansukhani MM, Hsiao SJ. Clini-
cal genomic profiling of a diverse array of oncology specimens at a large 
academic cancer center: identification of targetable variants and experience 
with reimbursement. J Mol Diagn. 2017;19(2):277–87.

313.	 Engstrom PF, Bloom MG, Demetri GD, Febbo PG, Goeckeler W, Ladanyi M, 
et al. NCCN molecular testing white paper: effectiveness, efficiency, and 
reimbursement. J Natl Compr Canc Netw. 2011;9(Suppl 6):S1–16.

314.	 Miller I, Ashton-Chess J, Spolders H, Fert V, Ferrara J, Kroll W, et al. Market 
access challenges in the EU for high medical value diagnostic tests. Per Med. 
2011;8(2):137–48.

315.	 Dinan MA, Lyman GH, Schilsky RL, Hayes DF. Proposal for Value-Based, tiered 
reimbursement for tumor biomarker tests to promote innovation and 
evidence generation. JCO Precis Oncol. 2019;3:1–10.

316.	 Rifai N, Gillette MA, Carr SA. Protein biomarker discovery and validation: the 
long and uncertain path to clinical utility. Nat Biotechnol. 2006;24(8):971–83.

317.	 Thariani R, Veenstra DL, Carlson JJ, Garrison LP, Ramsey S. Paying for personal-
ized care: cancer biomarkers and comparative effectiveness. Mol Oncol. 
2012;6(2):260–6.

318.	 Smellie WS, Johnston J, Galloway PJ. Method for assessment of laboratory 
turnaround times: comparison before, during, and after analysis. J Clin Pathol. 
1994;47(7):585–8.

319.	 Zhang YV, Rockwood A. Impact of automation on mass spectrometry. Clin 
Chim Acta. 2015;450:298–303.

320.	 Holmes DT, Romney MG, Angel P, DeMarco ML. Proteomic applications in 
pathology and laboratory medicine: present state and future prospects. Clin 
Biochem. 2020;82:12–20.

321.	 Borrebaeck CA, Wingren C. Transferring proteomic discoveries into clinical 
practice. Expert Rev Proteom. 2009;6(1):11–3.

322.	 Percy AJ, Byrns S, Pennington SR, Holmes DT, Anderson NL, Agreste TM, et al. 
Clinical translation of MS-based, quantitative plasma proteomics: status, chal-
lenges, requirements, and potential. Expert Rev Proteom. 2016;13(7):673–84.

323.	 Oliveira AP, Ludwig C, Picotti P, Kogadeeva M, Aebersold R, Sauer U. Regula-
tion of yeast central metabolism by enzyme phosphorylation. Mol Syst Biol. 
2012;8:623.

324.	 Kim IK, Roldao A, Siewers V, Nielsen J. A systems-level approach for metabolic 
engineering of yeast cell factories. FEMS Yeast Res. 2012;12(2):228–48.

325.	 Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, et al. The perseus 
computational platform for comprehensive analysis of (prote)omics data. Nat 
Methods. 2016;13(9):731–40.

326.	 Robertson AJ, Mallett AJ, Stark Z, Sullivan C. It is in our DNA: bringing 
electronic health records and genomic data together for precision medicine. 
JMIR Bioinform Biotechnol. 2024;5:e55632.

327.	 Petch J, Di S, Nelson W. Opening the black box: the promise and limitations of 
explainable machine learning in cardiology. Can J Cardiol. 2022;38(2):204–13.

328.	 Du Z, Lovly CM. Mechanisms of receptor tyrosine kinase activation in cancer. 
Mol Cancer. 2018;17(1):58.

329.	 Gaipa G, Basso G, Biondi A, Campana D. Detection of minimal residual 
disease in pediatric acute lymphoblastic leukemia. Cytometry B Clin Cytom. 
2013;84(6):359–69.

330.	 Jevremovic D, Shi M, Horna P, Otteson GE, Timm MM, Baughn LB, et al. Real-
life sensitivity of flow cytometry minimal residual disease assessment for 
plasma cell neoplasms. Blood Cancer J. 2024;14(1):126.

331.	 Miao C, Huang Y, Zhang C, Wang X, Wang B, Zhou X, et al. Post-translational 
modifications in drug resistance. Drug Resist Updat. 2025;78:101173.

332.	 Li W, Li F, Zhang X, Lin HK, Xu C. Insights into the post-translational modifica-
tion and its emerging role in shaping the tumor microenvironment. Signal 
Transduct Target Ther. 2021;6(1):422.

333.	 Zhang B, Whiteaker JR, Hoofnagle AN, Baird GS, Rodland KD, Paulovich AG. 
Clinical potential of mass spectrometry-based proteogenomics. Nat Rev Clin 
Oncol. 2019;16(4):256–68.

334.	 Plymoth A, Hainaut P. Proteomics beyond proteomics: toward clinical applica-
tions. Curr Opin Oncol. 2011;23(1):77–82.

335.	 Wenk D, Zuo C, Kislinger T, Sepiashvili L. Recent developments in mass-
spectrometry-based targeted proteomics of clinical cancer biomarkers. Clin 
Proteom. 2024;21(1):6.

336.	 Uzozie AC, Aebersold R. Advancing translational research and precision 
medicine with targeted proteomics. J Proteom. 2018;189:1–10.

337.	 Vidova V, Spacil Z. A review on mass spectrometry-based quantitative 
proteomics: targeted and data independent acquisition. Anal Chim Acta. 
2017;964:7–23.

338.	 Tomuleasa C, Tigu AB, Munteanu R, Moldovan CS, Kegyes D, Onaciu A, et al. 
Therapeutic advances of targeting receptor tyrosine kinases in cancer. Signal 
Transduct Target Ther. 2024;9(1):201.

339.	 Kuras M, Betancourt LH, Rezeli M, Rodriguez JE, Szász MA, Zhou Q, et al. 
Assessing automated sample Preparation technologies for High-Throughput 
proteomics of frozen well characterized tissues from Swedish biobanks. J 
Proteome Res. 2018;18(1):548–56.

340.	 Arul A-B, Byambadorj M, Han N-Y, Park J-M, Lee H. Development of an 
Automated, High-throughput sample Preparation protocol for proteomics 
analysis. Bull Korean Chem Soc. 2015;36:1791–8.

341.	 Wang C, Jemere AB, Harrison DJ. Multifunctional protein processing chip with 
integrated digestion, solid-phase extraction, separation and electrospray. 
Electrophoresis. 2010;31(22):3703–10.

342.	 Safdar M, Sproß J, Jänis J. Microscale enzyme reactors comprising gold 
nanoparticles with immobilized trypsin for efficient protein digestion. J Mass 
Spectrometry: JMS. 2013;48 12:1281–4.

343.	 Shao S, Guo T, Gross VS, Lazarev AV, Koh CC, Gillessen S, et al. Reproducible 
tissue homogenization and protein extraction for quantitative proteomics 
using MicroPestle-Assisted Pressure-Cycling technology. J Proteome Res. 
2016;15 6:1821–9.

344.	 Nadar SS, Rao PR, Rathod VK. Enzyme assisted extraction of biomolecules 
as an approach to novel extraction technology: A review. Food Res Int. 
2018;108:309–30.

345.	 Fowler CB, O’Leary TJ, Mason JT. Improving the proteomic analysis of archival 
tissue by using Pressure-Assisted protein extraction: A mechanistic approach. 
J Proteom Bioinf. 2014;7 6:151–7.

346.	 Kuljanin M, Brown CFC, Raleigh MJ, Lajoie GA, Flynn LE. Collagenase treat-
ment enhances proteomic coverage of low-abundance proteins in decel-
lularized matrix bioscaffolds. Biomaterials. 2017;144:130–43.

347.	 Arab I, Fondrie WE, Laukens K, Bittremieux W. Semi-supervised machine learn-
ing for sensitive open modification spectral library searching. J Proteome Res. 
2022;22(2):585–93.

348.	 Ma C, Lam HHN. Hunting for unexpected post-translational modifications 
by spectral library searching with tier-wise scoring. J Proteome Res. 2014;13 
5:2262–71.

349.	 Ye D, Fu Y, Sun R, Wang H, Yuan Z, Chi H et al. Open MS/MS spectral library 
search to identify unanticipated post-translational modifications and increase 
spectral identification rate. Bioinformatics. 2010;26:i399 - i406.

350.	 Salz R, Bouwmeester R, Gabriels R, Degroeve S, Martens L, Volders PJ, et 
al. Personalized proteome: comparing proteogenomics and open variant 
search approaches for single amino acid variant detection. J Proteome Res. 
2021;20(6):3353–64.

351.	 Olivella R, Chiva C, Serret M, Mancera D, Cozzuto L, Hermoso A, et al. 
QCloud2: an improved Cloud-based Quality-Control system for Mass-Spec-
trometry-based proteomics laboratories. J Proteome Res. 2021;20(4):2010–3.

352.	 Chiva C, Olivella R, Borràs E, Espadas G, Pastor O, Solé A, et al. QCloud: A 
cloud-based quality control system for mass spectrometry-based proteomics 
laboratories. PLoS ONE. 2018;13(1):e0189209.



Page 38 of 38AlHammadi et al. Clinical Proteomics           (2025) 22:45 

353.	 Deutsch EW, Mendoza L, Shteynberg DD, Slagel J, Sun Z, Moritz RL. 
Trans-Proteomic Pipeline, a standardized data processing pipeline for 
large‐scale reproducible proteomics informatics. Proteom – Clin Appl. 
2015;9(7–8):745–54.

354.	 Pintér N, Glätzer D, Fahrner M, Fröhlich K, Johnson JE, Grüning BA, et al. 
MaxQuant and MSstats in galaxy enable reproducible cloud-based analysis 
of quantitative proteomics experiments for everyone. J Proteome Res. 
2022;21(6):1558–65.

355.	 Walzer M, Vizcaíno JA. Methods Mol Biol. 2020;2051:345–71. Review of Issues 
and Solutions to Data Analysis Reproducibility and Data Quality in Clinical 
Proteomics.

356.	 Bloom J, Triantafyllidis A, Quaglieri A, Burton Ngov P, Infusini G, Webb A. Mass 
dynamics 1.0: A Streamlined, Web-Based environment for Analyzing, Sharing, 
and integrating Label-Free data. J Proteome Res. 2021;20(11):5180–8.

357.	 Lee DK, Rubakhin SS, Kusmartseva I, Wasserfall C, Atkinson MA, Sweedler 
JV. Removing Formaldehyde-Induced peptidyl crosslinks enables mass 
spectrometry imaging of peptide hormone distributions from Formalin-Fixed 
Paraffin-Embedded tissues. Angew Chem Int Ed Engl. 2020;59(50):22584–90.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Mass spectrometry-based proteomics of FFPE tissues: progress, limitations, and clinical translation barriers
	﻿Abstract
	﻿Introduction
	﻿Clinical significance and scope of FFPE tissue archives
	﻿Current molecular diagnostic landscape for FFPE tissues
	﻿Theoretical advantages and unique capabilities of FFPE proteomics
	﻿The translation challenge and current status
	﻿Review objectives and scope

	﻿Fundamental barriers to clinical translation
	﻿Molecular basis of Formaldehyde-induced protein modifications
	﻿Pre-analytical variables and their cumulative impact
	﻿Cold ischemia time and biomolecular degradation
	﻿Fixation parameters and their optimization
	﻿Long-term storage effects on protein integrity


	﻿Analytical variability and reproducibility challenges
	﻿Technical variability in FFPE proteomic workflows
	﻿Inter-laboratory reproducibility barriers

	﻿Technological strategies to overcome ffpe proteomic barriers
	﻿Chemical crosslink reversal strategies
	﻿Heat-Induced antigen retrieval approaches


	﻿Enzymatic digestion challenges and optimization
	﻿Trypsin cleavage barriers
	﻿Optimization with enzyme-to-substrate ratios
	﻿Multi-enzyme approaches and alternative proteases

	﻿Alternative fixation technologies
	﻿Advanced protein extraction workflows
	﻿Pressure-assisted and temperature-controlled extraction methods
	﻿Advanced detergent systems and surfactant chemistry
	﻿Quantitative impact on protein recovery and detection

	﻿Bottom-up proteomics methodological advances
	﻿Methodological evolution and current capabilities
	﻿Direct tissue analysis and microproteomics approaches

	﻿Mass spectrometry instrumentation advances
	﻿Data-Independent acquisition (DIA) strategies
	﻿Enhanced sensitivity through ion mobility and improved instrumentation

	﻿Spatial and targeted proteomics: clinically relevant applications
	﻿Spatial proteomics technologies with clinical potential
	﻿Digital Spatial profiling for multiplexed protein analysis
	﻿MALDI imaging mass spectrometry for Label-Free Spatial analysis
	﻿Integration with digital pathology and clinical Decision-Making


	﻿Fine needle aspirate analysis and clinical microproteomics
	﻿Targeted proteomics for clinical translation
	﻿Selected reaction monitoring for biomarker validation
	﻿Parallel reaction monitoring and emerging targeted approaches

	﻿Clinical validation and implementation challenges
	﻿Systematic failures in biomarker validation
	﻿Technical reproducibility across platforms and laboratories


	﻿Regulatory pathways and standardization requirements
	﻿Current regulatory landscape for proteomic diagnostics
	﻿Standardization initiatives and quality control frameworks

	﻿Economic considerations and healthcare integration
	﻿Cost-Effectiveness analysis of FFPE proteomics
	﻿Direct and indirect economic barriers
	﻿Reimbursement challenges and market dynamics


	﻿Healthcare system integration challenges
	﻿Workflow integration and operational considerations
	﻿Clinical decision support and result interpretation

	﻿Strategic pathways for successful clinical translation
	﻿Identifying High-Impact clinical applications
	﻿Criteria for selecting viable translation targets
	﻿Targeted panels versus comprehensive profiling


	﻿Implementation strategies and success factors
	﻿Phased implementation approach

	﻿Conclusions and future perspectives
	﻿Current state and realistic assessment
	﻿Strategic recommendations for the field
	﻿Future technological directions
	﻿Realistic timeline and expectations
	﻿Conclusion and roadmap for clinical translation

	﻿References


