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Tissues and biofluids are important sources of information used for
the detection of diseases and decisions on patient therapies. There
are several accepted methods for preservation of tissues, among
which the most popular are fresh‐frozen and formalin‐fixed
paraffin embedded methods. Depending on the preservation
method and the amount of sample available, various specific
protocols are available for tissue processing for subsequent
proteomic analysis. Protocols are tailored to answer various
biological questions, and as such vary in lysis and digestion
conditions, as well as duration. The existence of diverse tissue‐
sample protocols has led to confusion in how to choose the best
protocol for a given tissue and made it difficult to compare results
across sample types. Here, we summarize procedures used for
tissue processing for subsequent bottom‐up proteomic analysis.
Furthermore, we compare protocols for their variations in the
composition of lysis buffers, digestion procedures, and purification
steps. For example, reports have shown that lysis buffer
composition plays an important role in the profile of extracted
proteins: the most common are tris(hydroxymethyl)aminomethane,
radioimmunoprecipitation assay, and ammonium bicarbonate
buffers. Although, trypsin is the most commonly used enzyme for
proteolysis, in some protocols it is supplemented with Lys‐C and/or
chymotrypsin, which will often lead to an increase in proteome
coverage. Data show that the selection of the lysis procedure might
need to be tissue‐specific to produce distinct protocols for
individual tissue types. Finally, selection of the procedures is
also influenced by the amount of sample available, which range
from biopsies or the size of a few dozen of mm2 obtained with laser
capture microdissection to much larger amounts that weight
several milligrams.
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I. INTRODUCTION

A. Pathology and Mass Spectrometry: From a Visual
Science to Molecular Science

To define the proteome is crucial to determine the pathophy-
siology of a disease. Therefore, today we witness a large
increase in the methodologies that attempt to capture and
monitor proteins in tissue samples. Specifically, clinical
proteomics seeks novel approaches to lead to better clinical
diagnosis and effective treatment. Expansion in proteomics has
led to the development of technologies for more effective and
sensitive detection of proteins and bioinformatic tools to
convert data in knowledge (Silberring & Ciborowski, 2010;
Binnig, Huss, & Schmidt, 2018).

Historically, tissue samples collected in the clinic formed
the cornerstone to investigate biological functions and
dynamics in order to ascertain the disease state. Goal to
advance treatment of the patients drove discovery of new
medical tools and methodologies. In this process, examination
of tissue biopsy or clinical specimen by pathologists is
somewhat dependent on the pathologist's experience and is
unfortunately subjective. Considering that manual tissue
examination using conventional immunohistochemical
staining limits throughput of tissue analysis, there has been
recently an increase in attempts to use proteomic methods as a
surrogate or aid to the pathologist's historical approaches.
Main struggle today in tissue proteomics represents urge to
find cure for cancer and massive effort in this has the Clinical
Proteomic Tumor Analysis Consortium (CPTAC; https://
proteomics.cancer.gov/programs/cptac) launched in 2011.
CPTAC organization developed proteogenomics work on
variety of cancers to find mutations responsible for cancer
progression (Ellis et al., 2013; Mertins et al., 2016; Zhang
et al., 2014, 2016). Data from the proteomic studies and
pipelines are publicly available on the CPTAC Data Portal
together with experimental design and protocols (Edwards
et al., 2015). Later, in 2016 two new programs: The Applied
Proteogenomics OrganizationaL Learning and Outcomes and
the International Cancer Proteogenome Consortium were
released with the goal to share data and advance patient's care.
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Mass spectrometry is an indispensable tool in proteome
exploration, including definition of posttranslational modifica-
tions (PTMs). Today, there are two main proteomic approaches:
discovery‐based methods that are nontargeted in nature, and
targeted methods where the proteome of interest has been
previously defined. Both methods use high‐performance liquid
chromatography (HPLC)‐electrospray ionization tandem mass
spectrometry (LC‐MS/MS) methods to elucidate proteomes.
Discovery proteomics aims to define proteomes with automated
methods that might use either data‐dependent acquisition where
the computer controlling data‐analysis makes decisions based
on what is observed, or data‐independent acquisition (DIA)
where the computer is preprogramed to collect data based on a
previously defined proteome (Fig. 1). In both cases, it is typical
to analyze samples in a so‐called bottom‐up proteomic
approach, where peptides are obtained after digestion of all
proteins in a biological sample. When on contrasts targeted
proteomics to discovery proteomics, preselected sets of peptides
are defined for detection with a method known as single
reaction monitoring of which there are various permutations
that depend on the type of instrument used; for example,
parallel‐reaction monitoring approaches would be used on
quadrupole‐orbitrap mass spectrometers. This targeted approach
leads to highly reproducible, sensitive, and accurate data sets;
however, only a limited number of the peptides present in the
sample can be analysed per LC‐MS/MS experiment. Both
strategies have been widely used in proteomics and are
described in detail elsewhere in the literature.

Regardless of which method would be used to analyze a
proteome, sample preparation of tissue specimens prior to MS
analysis requires effective and reproducible protein extraction.
As alluded to above, the first step in bottom‐up proteomics is
protein extraction and subsequent digestion with endoproteases
that produces a complex mixture of peptides. Although the
sample preparation process is one of the key steps in

proteomics, regrettably there is no standard method in use for
preparation of protein samples from tissues or any source for
that matter. Rather, the toolbox of available sample‐preparation
methods is often tied directly to the type of sample to be
prepared and is highly variable. In this review, we outline
factors that influence protein sample preparation from tissue,
including types of tissue and the various chemical routes that
lead from protein extraction to instrumental analysis. Notably,
one of the most important factors that determine which sample‐
preparation method to choose is sample size or amount. Many
of the existing methods have been used on single proteins and
cell lines, that do not translate easily to small amounts of tissue.
Detection of proteomes from small amounts of tissue represents
a methodological challenge that is currently under constant
refinement. Recently, Zhu et al. (Y Zhu, Dou et al., 2018; Y
Zhu, Piehowski et al., 2018) have developed a nano‐scale
sample preparation platform which was further adapted to a
nanowell‐mediated 2D LC approach and demonstrate its use on
only a dozen cells (Dou et al., 2018). Reduction of adsorptive
losses of proteins is key to analyze small numbers of cells, and
this point was elegantly made by the development of the
nanoPOTS platform, which in combination with existing 2D‐
LC‐MS/MS chromatography methods, allowed deep proteome
profiling from only nanograms of protein and also was
successfully combined with laser capture microdissection
(LCM) of the tissues (Y Zhu, Dou et al., 2018).

In addition, technological development of the instrumenta-
tion required for depicting the proteome had led to large
expansion of the methods used in proteomics. Ancillary
techniques as mass spectrometry imaging (MSI) enables
detection of spatial distribution of the molecules and can provide
information about thousands of molecules in a single run
(Balluff, Hanselmann, & Heeren, 2017; Dilillo et al., 2017;
McDonnell et al., 2017; Buchberger et al., 2018). Alternatively,
to benefit from matrix‐less technologies some combined

404 Mass Spectrometry Reviews 10.1002/mas.21598

FIGURE 1. Typical tissue analysis workflow. Microdissected tissue sections can be obtained as FF or FFPE tissues.

Tissue processing includes protein extraction followed by digestion to peptides enzymatically most often with trypsin.

Next various cleanup methods are available for preparation for LC‐MS/MS analysis. Bioinformatic analysis of the

tandem MS data leads to the identification of peptides and their corresponding proteins. Further, this information is used

to answer biological question of the experiment and to help in better understanding of biochemical processes behind the

scene. DDA, data dependent acquisition; DIA, data independent acquisition; FF, fresh frozen; FFPE, formalin fixed

paraffin embedded; IT‐TOF, ion trap‐time of flight mass spectrometry; LC‐MS/MS, liquid chromatography tandem mass

spectrometry; LTQ‐FTICR, linear quadrupole ion trap Fourier transform ion cyclotron resonance mass spectrometry;

LTQ‐OT, linear trap quadrupole orbitrap mass spectrometry; PRM, parallel reaction monitoring; PTM, posttranslational

modification; Q‐LIT, linear quadrupole ion trap; Q‐TOF, quadrupole‐time of flight mass spectrometry; SRM, single

reaction monitoring; TQ, triple quadrupole mass spectrometry. [Color figure can be viewed at wileyonlinelibrary.com]
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techniques as matrix‐free silicon nanowire arrays (Wang et al.,
2012) or laser desorption/ionization on porous silicon (DIOS)
(Beavis et al., 1990; Wei, Buriak, & Siuzdak, 1999) were
developed. In this approach, after analytes deposition on the
porous silicon surface laser is used to desorb analytes from the
surface without matrix assistance. DIOS‐MS showed to tolerate
moderate amounts of contaminats and was applied in structural
characterization and detection of proteins, in situ digests, small
molecules (Thomas et al., 2001) and peptides from neurons
(Kruse et al., 2001).

Moreover, mass cytometry (CyTOF) has gained attention
in immunophenotyping and studying the range of the cells and
their function. Cells are stained with antibodies conjugated to
the metal isotopes reporters and are further resolved with ICP‐
qTOF. CyTOF had shown large range of applications to reveal
heterogeneity of human cells including phenotyping of natural
killer cells (Kay, Strauss‐Albee, & Blish, 2016) and detecting
cancer cell subsets (Leelatian et al., 2017). CyTOF has
expanded to step further in imaging mass cytometry (IMC)
whereas highly multiplexed assay couples imunohistochemical
staining with immunocytochemical methods (Di Palma &
Bodenmiller, 2015; Chang et al., 2017). Bodenmiller et al
pioneered IMC and applied it to FFPE human breast cancer and
mammary epithelial cells for simultaneous imaging of more
than 30 proteins and their modifications at subcellular resolution
(Giesen et al., 2014). Application of IMC on FFPE tissues with
demonstrated power to reveal tumor microenvironment hetero-
geneity helped IMC to further rapidly evolve into the
commercial instrument for screening of immunohistological
tissue sections.

Technological advances that include cell sorting and/or
further discover spatial distribution of the cells in tissues are an
appealing paltform to provide phenotypic and functional
markers in cancer. Progress in standardizing procedures and
application on histological tissue sections lays down attention
on these techniques and raises their chance to be accepted for
clinical use. However, detailed discussion about these techni-
ques is beyond the scope of this review, and we would like to
point readers to some of the informative resources mentioned
here as well as to the other existing literature.

II. TISSUE CLASSIFICATION AND COLLECTION

The advantage of molecular analysis compared to conventional
pathology evaluation of tissues is that more unambiguous
molecular information is acquired that can be used for decision‐
tree processes, and ultimately personalized disease management
based on the molecular profile of the patient. High‐throughput
analyses can aid in further stratification of patients based on the
molecular patterns in the tissue. Besides disease classification,
molecular analysis of tissue can reveal pathways related to the
underlying disease process that can be leveraged as targets for
therapy (ie, theranostics; Yousem, 2012; Peer, 2014). The
recently published randomized‐controlled MINDACT trial in
which 6,693 patients with early‐stage breast cancer were
randomized to adjuvant chemotherapy based on a 70‐gene
signature (MammaPrint) acquired from their tumor tissue,
which has previously been shown to predict poor prognosis, is
an example of such a clinical application (Cardoso et al., 2016).
Compared to the clinical risk score, the 70‐gene tumor signature

selected low‐risk patients that comprised 46% of the population
under study that did not require adjuvant chemotherapy. This
study exemplifies how molecular analyses can have an impact
on patient management.

In pathology, tissue specimens can be divided into two
groups; namely, the so‐called “reactive diseases,” which
encompass immunologic and metabolic traits, and oncological
diseases (ie, cancer). Figure 2a provides an overview of the
tissue types and storage in regard to disease classification and
study goals. Depended on the specimen group and at what time
in the diagnostic process tissue is collected, the aim of
proteomics, and how such an experiment is set up, will vary.

A. Small, Smaller, and Smallest: Resection, Biopsy,
and Aspiration Specimens

Resection specimens are almost exclusively collected in oncologic
diseases. Because the objective is to remove the tissue from the
patient, the amount of tissue that can be used for molecular
analyses is almost always adequate. Tumors are often compared
with pre‐existing tissue from the same organ typically part of the
same resection as an internal control. Additionally, tissue sampling
for proteomics done upon macroscopic evaluation by the
pathologist could reduce sampling error to a minimum. Proteome
analysis of resected material can be used to further stratify patients
in a molecular subgroup and to identify possible candidate
molecules or pathways that can be a target for adjuvant therapy.
However, most specimens sent for pathology evaluation are
biopsies that have been obtained for primary diagnostics. Because
a biopsy is obtained for diagnostic purposes (eg, prior to tumor
resection), less material is available for experimental purposes.
There are two types of needle biopsies; the first is termed fine‐
needle aspiration (FNA), and the second is known as a core‐needle
biopsy (or core biopsy). The dimensions of the FNA are very small
(25‐ to 27‐gauge needles) and these needles are only used to
remove a small amount of fluid and tissue pieces for the analysis of
cellular and nuclear features (eg, FNA of lymph nodes to detect
tumor metastasis). Typically, this process is guided visually with
ultrasound or computed tomography (CT) scan. Although, the
procedure often allows rapid diagnosis (same day), occasionally
not enough tissue is removed for an unambiguous diagnosis and an
aspirate does not allow the pathologist to observe the integrity of
the tissue (only groups of cells or fluids are removed for analysis).
Core‐needle biopsies are larger, because the needles used in a core
biopsy are slightly bigger than those used in FNA (typically 14‐ to
18‐gauge). They remove a small cylinder of tissue about 1.5mm
(1/16’’) diameter by 1.25 cm (1/2’’). The big advantage of a core
needle biopsy is the ability, when successful, to analyze the
morphology and integrity of the microanatomy. In oncological
diseases, normal tissue microanatomy can be distinguished from
precursors of cancer (dysplasia) and invasive tumor. With FNA, it
is not possible to distinguish dysplasia from invasive tumor cells,
because tissue morphology is lost. In immunological or metabolic
diseases, on the contrary, analysis of tissue morphology is crucial
and FNA is not a suitable procedure to diagnose such diseases
upon light microscopy. To process core biopsy samples, especially
with formalin‐based fixation protocols, usually takes longer than
FNA biopsies. Although biopsies can be snap‐frozen to reduce
lead‐time, tissue morphology is lost and is, therefore, primarily
used for peroperative decisions and immunofluorescence staining.
As with FNA, the core biopsy often uses an ultrasound, CT scan
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(A)

(B)

FIGURE 2. Overview of disease categories in use for LCM analysis. (a) Schematic overview of tissue types and their storage

used in clinics for disease classification and diagnostics. In oncological diseases, microdissected tissue or biopsies are the main

sources of the material. For metabolic and immunological diseases biopsies are main source of material for primary diagnosis

and follow‐up treatment. (b) H&E staining of tissues and LCM capture of Reed‐Stenberg cells in research of Hodgkin's

lymphoma and cell subpopulations including benign, PIN, malignant, and stromal cells in prostate cancer. In the middle column

captured cells are shown in LCM cap. Reprinted with permission from Liu et al. (2010) copyright year 2010 (Journal of

Biomolecular Techniques, Association of Biomolecular Resource Facilities) H&E, hematoxylin and eosin stain; LCM, laser

capture microdissection; PIN, prostatic intraepithelial neoplasia; RS, Reed‐Stenberg. [Color figure can be viewed at

wileyonlinelibrary.com]
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mammogram, or MRI to guide the needle toward the lesion of
interest. Sometimes the tumor is palpable and can be directly
biopsied. Compared to resection material, the yield of proteins
when analyzing biopsy specimens will be drastically reduced,
especially for FNA. In a recent study, Labots and colleagues
revealed that phosphoproteome analysis of biopsy tissue from
patients with colorectal cancer is feasible and reproducible,
although there was no direct comparison of phosphoprotein yield
loss compared to a corresponding resection sample from the same
patient (Labots et al., 2017). Tumor heterogeneity, which can be
defined as different tumor cell clones with variable mutation
patterns, but also sampling errors in immunological and metabolic
traits, are not necessarily detected with biopsy‐based proteomics.
However, sampling error is a problem of the biopsy procedure
itself rather than any flaws in proteome analysis. In oncological
cases, large number of biopsies are used to identify targets for neo‐
adjuvant therapy to reduce tumor mass prior to surgery. In
pathology specimens from patients with immunologic and
metabolic diseases, which represent disease processes that
diffusely affect the entire organ, a biopsy is almost never followed
by organ resection, especially when the disease affects visceral
organs. Core‐biopsy specimens, therefore, represent the main
target and challenge in fast analysis of patient material. Studies that
investigate clinical applications of proteomics should focus on
relative and absolute quantitative analysis on small tissue samples.

B. Noise Reduction and Enrichment

There are various methods that can analyse the complex spatial
multicellular organization of microscopic tissue sections. LCM of
tissues on slides (a.k.a. tissue slides) is a method to cut out selected
cellular patterns or regions that can be further processed for
proteomics or other molecular techniques. Although there are
many different LCM devices on the market, two main platforms
exist; namely, infrared‐LCM and ultraviolet‐LCM (Datta et al.,
2015). With an LCM system, samples can be purified with
selection of only the regions of interest to reduce interference with
proteomes from cells that are not of interest, and also was shown to
be compatible with immunofluorescent staining (Moulédous et al.,
2003). Invention of immuno‐LCM to investigate tumour micro-
environment (Buckanovich et al., 2006) was also used for recovery
of high quality mRNA from isolated cell subpopulations from
tissues (Fend et al., 1999) and was later combinated with FASP
and LC‐MS in proteomics study of CD24 cells in adenocarcinoma
tissues to identify several pancreatic cancer biomarker candidates
(Zhu et al., 2013). LCM is fast and is depended on the laser spot
and the composition of the tissue. Single‐cell LCM, however, is
not straightforward and requires a skilled operator. Figure 2b
shows microdissected single Reed‐Sternberg cells from a patient
with Hodgkin's lymphoma (typically scarce within lymph nodes)
and separation of (in situ) prostate carcinoma that surrounded
stroma and normal tissue. LCM is compatible with various tissue
sources, including FFPE and fresh frozen (FF) samples. De Marchi
et al compared the use of LCM to whole‐tissue lysis of breast
cancer specimens followed with MS, and found that LCM
enrichment had a higher individual protein yield (3,404 vs 2,837
with 2,696 overlapping, respectively) and significantly reduced
numbers of missing values at the peptide and protein level,
possibly due to a reduction in interference from immune cells,
metabolism‐related proteins, and high‐abundance proteins (De
Marchi et al., 2016). Besides the selection of cell types, LCM can

also be used to microdissect and enrich proteinaceous (eg, fibrillar)
deposits like amyloids. Amyloid deposition is defined by the
presence of congo‐red reactivity under polarized light, and its
presence is pathognomonic for amyloidosis. However, various
protein substrates can form the typical amyloid beta‐sheets that
react with congo‐red, including immunoglobulin light chains
secondary to hematological malignancies (AL amyloidosis) or
serum amyloid A secondary to chronic inflammation in, for
instance, rheumatoid arthritis (AA amyloidosis). Mollee et al.
performed LCM on congo‐red stained amyloid deposits from
different organ sites, and could identify the amyloid‐forming
protein in 94% of their cases, including rare disease‐specific
variants (Mollee et al., 2016). Cells subpopulation‐characteristics
could also be detected with flow cytometry (Bernas et al., 2006;
Chang & Hedley, 2012) whereas purified cells can further be
analyzed with MS (Turiák et al., 2011). Flow cytometry has
already shown potential in tissue proteomics to study levels of the
proteins among mouse spleen dendritic cells subsets which were
sorted according to CD8α or CD4 surface molecules (Luber et al.,
2010). Label‐free quantitative approach identified more than 5000
identified proteins to reveal differences in subset specific signaling
pathways whereas CD4+ and cDC were activated and CD8α+
lacked activation to certain viruses. Further, proteomic analysis of
glioblastoma stem‐like cells (GSC) which are thought to have
significant role in tumor recurrence, identified antigens that induce
tumor‐specific T cell responses and might be important targets in
future therapies (Rapp et al., 2017). Moreover, cell sorting was
further downstreamed to single cell proteomics by combination of
fluorescence‐activated cell sorting (FACS) and nanoPOTS plat-
form whereas 485 proteins were identified across the single‐cell
samples (Y Zhu, Clair, et al., 2018).

An application that can leave the architecture of tissues intact
in order to acquire spatially important architecture is mass spectral
imaging (MSI). The comprehensive overview by Vaysse et al
describes the history of MSI (matrix‐assisted laser desorption/
ionization‐mass spectrometry imaging [MALDI‐MSI], secondary
ion mass spectrometry‐MSI, and desorption electrospray ioniza-
tion‐MSI) and places it in a future clinical context (McDonnell
et al., 2012; Vaysse et al., 2017). Single‐cell preparations for MS
have also provided interesting results, although these techniques
can be technically more challenging than, for instance, single‐cell
RNA sequencing (Peterson et al., 2017). Recent advances in
single‐cell separation techniques and molecular barcoding (Pra-
kadan, Shalek, & Weitz, 2017) have unraveled complex interac-
tions and heterogeneous responses among cell types upon
stimulation (Satija & Shalek, 2014; Shalek et al., 2014; Tirosh
et al., 2016). A detailed description of these novel techniques is
outside the scope of the current review, but can be found elsewhere
(Svensson, Vento‐Tormo, & Teichmann, 2018).

III. METHODS TO PRESERVE AND STORE TISSUES

After removal, tissues could either be analyzed with proteomics
and other molecular methods, pathology laboratory, or stored
for future research. For storage, preservation is required to
minimize enzymatic and chemical degradation and to protect
the integrity of the molecular content (Young, Bermes, &
Haverstick, 2008; Mukherjee et al., 2013). Samples must be
kept in a stable environment to avoid degradation and thermally,
mechanically, or chemically induced alterations (Riondino
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et al., 2015). However, a lack of standard operating procedures
(SOP) compatible with proteomic methodologies for tissue
storage has led to heterogeneity in the quality of the samples
and inconsistent research results (Morente et al., 2006).
Variations in sample and data quality is an obvious concern
to the community and have led to the establishment of the EU
COST program, a pan‐European initiative aimed to define the
most important concerns and discuss how to resolve them.

For further analysis, tissues are most commonly preserved
with FF or FFPE methods, or they might be optimal cutting
temperature (OCT) embedded as FF tissues (vide infra).

A. FFPE Tissues‐Formalin‐Fixed Paraffin‐Embedded

Formalin fixation and paraffin‐embedding represents standard
method for preservation of tissue specimens that has been
routinely performed since the late 1800s. The objective is to
prepare tissue to be stable for storage for long periods of time.
FFPE tissues are regularly used for histopathological studies
(Giusti & Lucacchini, 2013) and are usually fixed in a 10%
aqueous solution of formalin, which is typically 3.7–4%
formaldehyde, that contains methanol to prevent the conversion
of formaldehyde to formic acid, and is buffered with phosphate
salts (Nirmalan et al., 2008). Fixation time depends on the
sample size, clinical timing, and protocol, and can range from
12 to 72 hr. After fixation, the tissue is rinsed in water and
washed with a series of ethanol (EtOH) solutions of different
concentrations (70%, 95%, and 100%) at room temperature.
Before the tissue is placed in a mold with melted paraffin (at
60–65°C), EtOH is removed. After heating, the paraffin mold
with tissue is allowed to cool down to form a “tissue block”
(Canene‐Adams, 2013). Although this preservation procedure
has been used since 1893, there is yet no standard preparation
method of FFPE tissues.

FFPE tissues are highly stable and can be stored for a long
period of time at room temperature with no visible destruction of
the microscopic structure (Addis et al., 2009; Wolff et al., 2011).
Although storage at room temperature has the advantage that it is
cost‐ and space‐effective, it is not standardized. Notably, recent
studies have demonstrated that the presence of endogenous or
exogenous water might result in protein degradation (Xie et al.,
2011b; Giusti & Lucacchini, 2013). Obviously, variations in
humidity and temperature between storage repositories might
influence the quality of preserved tissues stored in laboratories in
different climates. Although FFPE tissues can be stored at room
temperature to avoid costs and complications related to storage
associated with FF preserved tissues discussed below, formalin
fixation is known to lead to chemical modifications on proteins and
cross‐linking between proteins. Therefore, to avoid these effects,
alternative fixation with EtOH has been examined. EtOH
preservation and paraffin embedding of murine tissues allow
long preservation of tissues at room temperature to produce high‐
quality histological sections without cross‐linking molecular
content (Chaurand et al., 2008).

The impact of formaldehyde‐induced protein modifications
and the potential benefit of FFPE tissues as a surrogate for the FF
tissues in the last decade has led to numerous studies that
examined equivalence of FF‐ and FFPE‐preserved tissues. Most of
them used paired FFPE and FF tissues (Geoui et al., 2010; Bell
et al., 2011; Gámez‐Pozo et al., 2012; Kojima et al., 2012; Y
Zhang, Muller, et al., 2015) to evaluate similarities in retrieved

proteins; to a lesser extent, paired FFPE‐ and OCT‐embedded FF
tissues were also reported in proteomic studies (Scicchitano et al.,
2009; Nirmalan et al., 2011; Holfeld et al., 2018). Measurement of
the overlap of so‐called diagnostically relevant proteins in paired
FF and FFPE nonalcoholic steatohepatitis (NASH) 10 µm thick
human liver tissues revealed that archived specimens could
potentially be used for biomarker discovery of NASH (Bell
et al., 2011). The number of proteins identified in the FFPE tissues
was reduced by just over half compared to the number identified in
the matched FF tissues (718 in FF and 367 in FFPE tissues);
however, 860 total identified proteins and 493 unique proteins
(57%) were found in FF tissues and 142 (17%) in FFPE tissues.
Importantly, six proteins identified as proteins with functions
involved in the pathogenesis of NASH have been expressed at
similar levels in both tissues led to the conclusion that FFPE liver
tissues can be used for proteomic analysis and biomarker
identification studies (Bell et al., 2011). In another study, healthy
and nephroblastoma kidney tissues that used paired FF an FFPE
tissues were investigated. Nephroblastoma (Wilms tumor) is the
most frequent renal cancer in children. In a study that analyzed
paired healthy and tumor FFPE tissues 1,367 proteins were
detected in both types of preserved tissues, whereas 262 proteins
were differentially expressed in FFPE tumor tissue compared to
healthy FFPE tissue (Hammer et al., 2014).

1. Chemical Modifications of Proteins Induced by
Formalin‐Fixation
Due to its physicochemical properties and small size, formaldehyde
rapidly penetrates through tissues and reacts with amino acid
residues to cause chemical modifications and cross‐linking. Cross‐
linking leads to the preservation of cell complexes that allows study
of intermolecular interactions in their native condition. The
recognition of formaldehyde‐induced modifications remains a
cumbersome task. In one case, chemical modification of proteins
induced by formalin preservation was addressed with model
peptides (Metz et al., 2004; Toews et al., 2008; Toews, Rogalski,
& Kast, 2010; Tanca, Pagnozzi, & Addis, 2012) and small proteins
(ie, insulin) (Metz et al., 2006). In order to detect possible
modifications that might be influenced by the complex biological
environment in tissues, it is important to conduct these studies on
FFPE tissues. Formaldehyde‐induced modifications studied in
human kidney tissues revealed lysine methylation (+14Da) as a
major modification, methylene (+12Da) and methylol (+30Da)
adducts were also found (Jiang et al., 2007; Y Zhang, Muller, et al.,
2015). In the analysis of prostate cancer, lysyl formylation that
originated from formalin fixation was present on 6.5% of identified
peptides (Hood et al., 2005). In addition, stable intra‐ and inter‐chain
methylene bridges might be formed with amine, amide, guanidyl,
phenol, imidazole, and indole groups of amino acids residues
(Nirmalan et al., 2008), whereas other as yet uncharacterized
modifications also might occur (Magdeldin & Yamamoto, 2012).

After penetrating into the cells in tissues, formaldehyde
initially reacts with nucleophilic groups (ie, basic side‐chains on
proteins) to form methylol adducts with a mass increase of 30Da.
Further dehydration and elimination of water produces a Schiff
base with a final mass increase of 12Da. The methylene group of
the Schiff base undergoes nucleophilic attack from a nearby amino
acid to produce interprotein and intraprotein cross‐links via a
methylene carbon bridge (–CH2–) with a mass shift of +12Da.
The presence of formaldehyde methylene carbon cross‐links might
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affect the protein's physicochemical properties, like molecular
weight and isoelectric point (Magdeldin & Yamamoto, 2012).
Zhang et al in a study of four paired glomeruli and three paired
renal cortical samples of FF and FFPE tissues reported lysine
methylation (+14Da) as the most frequent modification induced
by FFPE preservation. A minor increase in methylene (+12Da)
and methylol (+30Da) adducts was found as well, and these
modifications affected about 2–6% of all peptide mass spectra.
Collected LCM glomerular cross‐sections (approximately 1mm2)
showed a total number of 2,084 proteins with a 67% overlap in
proteins between examined tissues, of which 15% were unique
proteins to FF tissues, and 18% to FFPE tissues (Y Zhang, Muller,
et al., 2015).

Multiple comparative proteomic reports showed that the
retrieved molecular information varied by extraction method,
tissue type, and instrument, and made comparison of results
between studies difficult (Hood et al., 2005; Geoui et al., 2010;
Kojima et al., 2012; Mason, 2016). Because the lysine side
chains are mostly involved in the reaction with formaldehyde,
some studies reported the lysine (K) to arginine (R) terminal
peptide ratio (K/R), as a way to evaluate and classify chemical
variations found in FFPE tissues. This type of classification of
tissue by modification is by no means straightforward, because
in another study on colon adenoma tissue, a reduction in the
K/R ratio was shown for FFPE vs FF tissues. However, no
peptide modifications related to formalin‐induced chemistry
were detected (Sprung et al., 2009). Underrepresentation of
lysine C‐terminal peptides was also found in other mammalian
studies (Tanca, Pagnozzi, Burrai, et al., 2012), murine tissues
(Broeckx et al., 2016), and glycopeptides (Tian et al., 2009).

Other research has focused on the identification of
biochemical modifications prior to fixation like phosphorylation
of proteins (Ostasiewicz et al., 2010; Gámez‐Pozo et al., 2012;
Gündisch et al., 2012; Wakabayashi et al., 2014). Phosphopro-
teome analysis of Wakabayashi et al study revealed 1413 and
1197 unique phosphopeptides for FF and FFPE tissue,
respectively. Their results showed a lower content of phospho-
peptides with terminal lysines for mouse liver tissue, at 42.8%
for FFPE and 49.7% for FF tissues to indicate modifications of
the ε‐amino groups of the lysine (Wakabayashi et al., 2014).

Only a small number of studies exist that compared OCT‐
embedded FF and FFPE tissues for their protein content.
Scicchitano et al. (2009) investigated five paired LCM and five
non‐LCM rat liver tissues and found a slightly lower protein
yield from non‐LCM FFPE tissues. Moreover, similar types of
proteins and signaling pathways were identified in FFPE and
OCT‐embedded FF samples with similar subcellular distribu-
tion of the proteins. Nirmalan and colleagues compared FFPE to
OCT‐embedded FF normal human renal tissues from five
patients (Nirmalan et al., 2011). Overall, they found 350
proteins between the different samples, where 283 were from
FFPE, and 268 from OCT‐embedded FF tissues. The overlap in
proteins was 201 common proteins (57%), where 82 unique
proteins were from FFPE (23%) and 67 from OCT‐embedded
FF tissues (19%). The protein distribution at the sub‐cellular
localization and the molecular function profiles were once again
found broadly similar in both tissues.

Overall, there has been a large effort in the community to
compare proteomes between different tissue‐storage methods
and how these might affect protein modifications. Modification
of amino acid residues during fixation to preserve tissue

morphology has been shown to be significant followed by
numerous studies that depicted proteome differences induced by
fixation. Reports in the literature have shown diversity in types
of the tissues and, sample sizes used to study proteome.
Numerous protocols used in laboratories and lack of uniformity
represent challenge to compare results accross studies. Estab-
lishment of the standarized procedures would be important
factor to ensure consistency and contribute to communication of
the developments between the researchers.

2. Retrieval of Proteins from FFPE Tissues

Although the mechanism of protein fixation with formalin is not
completely elucidated, development of knowledge of protein
recovery from FFPE and proteome analysis of FFPE tissues has
made great progress (Tanca, Pagnozzi, & Addis, 2012; Shi
et al., 2013). A successful method for protein extraction from
FFPE tissues should remove formaldehyde‐induced cross‐links
(ie, intrachain and interchain methylene bridges), but avoid
induction of new chemical changes in proteins. Already in
1991, Shi, Key, & Kalra (1991) successfully analyzed FFPE
tissue with an antigen retrieval (AR) method. Tissue specimens
were heated to 100°C in a buffer solution that contained water
or saturated lead thiocyanate or 1% zinc sulfate that enhanced
immunoreactivity of antibodies. Later, Ikeda et al. (1998)
optimized high‐temperature incubation and obtained 121.5 µg
proteins (approximately efficiency of protein extraction was
164.2 µg/mg of dry cancer tissue) from a 5 mm2 × 50 µm FFPE
colorectal tumor tissue sample dissolved in radioimmunopreci-
pitation assay (RIPA) buffer (100°C, 20 min), followed by
incubation at 60°C for 2 hr. Since then, heat‐induced AR in the
presence of various buffers has been frequently used for protein
recovery from FFPE tissues. The most common buffers used are
RIPA buffer, tris(hydroxymethyl)aminomethane HCl (Tris‐
HCl) that contains 0.1–4% sodium dodecyl sulfate (SDS), and
ammonium bicarbonate (Crockett et al., 2005; Addis et al.,
2009; Azimzadeh et al., 2010; Craven et al., 2013; Wisniewski,
Ostasiewicz, & Mann, 2011; Wisniewski, Duś, & Mann, 2013).

The efficiency of different extraction protocols versus protein
recovery from different FFPE tissues has been investigated many
times. Typically, protein yields from FFPE tissues were compared
to matched FF tissues. The main variables to optimize are buffers
and incubation time because the tissues are typically fixed onto
glass slides. Numerous publications have investigated optimization
of the extraction process using various combinations of custom‐
made or commercial buffers (Scicchitano et al., 2009; Gámez‐
Pozo et al., 2011; Wolff et al., 2011; Vincenti & Murray, 2013; Lai
& Schneider 2014; Luebker & Koepsell, 2016; Föll et al., 2018;
Holfeld et al., 2018), for example, with addition of solutions such
as citraconic anhydride (0.05%, pH 7.4) (Namimatsu, Ghazizadeh,
& Sugisaki, 2005). Numerous other methods have included sample
incubation at higher temperatures (eg, approximately 100°C) with
a Tris‐HCl buffer supplemented with SDS (Table 1). Variations in
protein yield might be due to the sample type. For example, range
of the protein recovery was illustrated by a study of skeletal
muscle and liver tissue where differences in protein yield were
significant (Addis et al., 2009). Results showed that, with 35mg of
each tissue (incubated in Tris‐HCl, SDS, dithiothreitol (DTT)
buffer at 100°C for 20min, then 2 hr at 80°C), yields for skeletal
muscle tissue were: 1.3 µg/mg of tissue (FF) and 5.2 µg/mg of
tissue (FFPE); liver tissue: 5.9 µg/mg of tissue (FF) and 31.3 µg/
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mg of tissue (FFPE). Interestingly, the highest yields (>80%) were
found in a study with tissue surrogates to evaluate influence of pH,
detergents, denaturants, reducing agents, and temperature with
three different types of buffers: Tris‐HCl (at pH 4.0, 6.0, and 9.0,
with/without SDS, glycine, or β‐mercaptoethanol [BME]), Gnd‐
HCl with BME, and citraconic anhydride (pH 2.0). The highest
yields were observed (>80%) with Tris‐HCl, SDS, and citraconic
anhydride solution, at 100°C for 20min, followed by incubation at
60°C for 2 hr. Furthermore, they concluded that the best protein
recovery was achieved with various combinations of heat,
detergent, and protein denaturant, but the use of reducing reagents
did not improve recovery (Fowler et al., 2007).

Tris‐HCl is one of the most widely used buffers for protein
extraction. Additives, protein‐retrieval procedures, and sample size
and type have been the main differences among methods used for
sample processing. Kawashima et al. (2014) examined the effect of
buffer concentration on protein recovery, and whereas most
experiments used a Tris‐HCl concentration in the range
20–100mM (Table 2), evaluation of the extraction efficiency on
mouse liver tissue showed that an increase in Tris‐HCl
concentration beyond this range promoted protein extraction that
plateaued at 300mM Tris‐HCl. FFPE tissue sections have also
been studied with direct on‐tissue digestion, where enzymes are
directly sprayed onto the tissue surface to enable subsequent
analysis of released peptides or glycans (Wisztorski et al., 2013;
Heijs et al., 2016). Glycans have diverse biological functions and
are important node to understand cancer mechanism and seek for
therapeutic targets (Pinho & Reis, 2015). Imaging of glycans is a
new emerging field and recently it was pioneered for resolving
spatial distribution and depiction of N‐glycans in brain (Powers
et al., 2013; Eshghi et al., 2014), breast (Scott et al., 2019), renal,
and hepatocellular carcinoma (Powers et al., 2015). Holst et al.
(2016) in their work on leiomyosarcoma reported on‐tissue
linkage‐specific sialic acid derivatization applied on FFPE tissue
sections which showed improved detection of sialylated N‐glycans.
Study on brain with in situ release with PNGase F enzyme on
brain sections identified 42 N‐linked glycans (30 were fucosylated,
seven were nonfucosylated, and five were oligomannose glycans).
Further results on the glioblastoma xenograft indicated 13 N‐linked
glycans with different expression levels in tumor and normal brain
tissue with low‐abundance glycans in tumor being more
fucosylated (Eshghi et al., 2014).

Although we focus here on protein extraction and digestion
from the sample, other pre‐analytical factors such as size and
origin of sample, fixation time, temperature and storage conditions
might also affect the outcome as judged by number of identified
peptides and proteins and some of these elements have been
discussed in details elsewhere (Thompson et al., 2013; Broeckx
et al., 2016). Experiments need to be carefully planned with special
attention to the choice of sample (sub)groups and numbers.
Moreover, analytical methods used for these experiments must be
validated with respect to the type of the samples analyzed,
including sample amount, origin and instrument used for detection.

B. FF Tissues

The lack of complications produced by chemical fixation
discussed above makes FF tissues the preferred material to
study molecular diagnostics, such as cancer. When material is
limited, however, tissue morphology primarily drives the choice
to only fixate material with FFPE.

FF tissues are obtained with snap freezing in liquid
nitrogen or in a mixture of dry ice and alcohol. Preservation
with freezing has the advantage that it is fast and circumvents
the molecular changes induced by FFPE processes (Mukherjee
et al., 2013). After freezing, tissue samples are usually cut into
sections of about 6 to 12 µm thick with a cryostat microtome.
Tissue preservation by freezing has been regulated since 2006
by the European Human Frozen Tumor Tissue Bank (TuBa-
Frost) with regard to collection, storage, retrieval, and tracking
of tissues (Morente et al., 2006). As a result of standard
protocols, translational research can be facilitated to avoid
intrinsic bias of frozen tissues. Briefly, the collected tissues are
placed in labeled sterile containers and transported on ice to the
histopathology department. After the pathologist has taken
representative parts for routine diagnosis (ie, 0.5 cm3), the
remaining tissue is directly frozen, or embedded in OCT
medium and frozen. For best results, tissues should be frozen
within 30 min of excision; however, when a delay up to 2 hr
occurs, tissues should be still preserved and the interval of time
recorded in the database (Morente et al., 2006).

Although free of the chemical modifications that occur
with the FFPE process, freezing tissue has its own challenges
because there is a chance that freezing artifacts might form.
Artifacts might include accidental addition of a foreign
substance or alteration in tissue structure. Comparison of
freezing procedures on skeletal muscle tissue (Fig. 3) showed
that the morphology was best preserved when isopentane was
used. Besides the freezing medium, it was shown that formation
of ice crystals can be due to various factors such as speed of the
freezing process, excessive moisture within the tissue, or a
freezing temperature (Chatterjee, 2014; Meng et al., 2014).

Frozen tissues are usually stored at low temperatures
(−80°C) or in liquid nitrogen‐cooled Dewar flasks (−196°C).
Accordingly, the storage facilities should be provided with a
back‐up power system and appropriate alarms (eg, triple‐layer
alarm) to monitor and warn when the temperature warms. If an
increase of more than 10% above the set temperature is
detected, then a progressive series of alarms will be activated
and changes automatically recorded in a database. The database
should also be updated when samples are moved, issued, or
depleted (Morente et al., 2006).

Numerous methods and approaches have been developed
for tissue sampling, profiling and/or increasing protein recovery
from frozen tissue all in order to elucidate biological processes
and diseases mechanisms. Each tissue sample is of great value
and inherently unique by time, location and patient. However,
for minute tissue amounts (up to 20 µm thickness) the
challenges are significant because they are more likely than
larger tissue samples to produce a poor protein recovery due to
physical losses during cutting and immobilization. Additionally,
protein extraction and solubilization depend on physicochem-
ical properties of the protein collection such as thermal stability,
solubility, and proclivity to aggregate and/or degrade. In 2000,
Corthals and colleagues first reported that the dynamic range of
protein expression is a significant challenge in proteome
analysis (Corthals et al., 2000). Although this report dealt
with bacterial, yeast, and human cell lines, Corthals’ and the
broader community's efforts since then have focused on similar
problems in tissues from patients.

In order to facilitate optimal analysis, additional steps like
protein/peptide cleanup, purification, enrichment or a combination
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of homogenization methods have been used (Butt & Coorssen,
2006; Bodzon‐Kulakowska et al., 2007). Like proteins, lipids are
pervasive in tissue samples but often require removal in order to
facilitate optimal proteome analysis. Removal of lipids by washing
specimens in butanol and heating at 95°C for 5min produced
improved protein recovery in a study of renal carcinoma FF tissues
(Atrih et al., 2014) to allow discovery of 596 proteins that were
differentially expressed between cancer and noncancer tissues. In
addition, the detection of different molecular classes from the same
tissue material or even region adds to the value in comparison to
only one compound class analysis. Simultaneous analysis of
glycosaminoglycans, N‐glycans, and peptides were demonstrated
for small tissue regions of bovine cerebral cortex in paired, FF, and
FFPE tissues (Turiák et al., 2014). Samples were processed with
microwave‐assisted on‐tissue digestion and, multiple enzymes were
used to digest different compound classes. Multiple tissue spots
analysis has an advantage to enable spatial comparison between
tissue regions rather than simple analyses of bulk material.

Consequently, more studies have focused on microspotted
arrays and in situ trypsin digestion of tissue, with some of the
challenges described in a recent review (Cillero‐Pastor &
Heeren, 2014). MALDI‐MSI has recently become very popular
to characterize proteins digested in situ because of the
preservation of protein spatial information (Groseclose et al.,
2007). Here, though lower yields of the proteins compared to
traditional extraction from the bulk solution have motivated
further breakthrough of technologies to analyze proteins. For
example, recent reports described incorporation of surfactants to
improve yield (Djidja et al., 2009; Patel et al., 2015). Yet
another approach that allows identification of proteins from
discrete regions of the tissues is liquid extraction surface
analysis (LESA). In LESA, a droplet of solvent is dispensed on
a region of interest on tissue to thereby create a liquid
microjunction between pipette tip and tissue from where soluble

molecules are extracted. This extracted droplet, which contains
proteins of interest, is subsequently reaspirated and further
analyzed with traditional LC‐MS/MS methods. LESA has also
been combined with on‐tissue digestion (Quanico et al., 2013)
and top‐down proteomics coupled to high‐field asymmetric
waveform ion mobility spectrometry (FAIMS) to analyze thin
liver sections (Sarsby et al., 2015). Further, LESA‐FAIMS‐MSI
was used in a study of mouse brain and liver tissue (Griffiths
et al., 2016) whereas spatial tissue microextraction with
subsequent MALDI‐MSI detection was used to study bovine
ocular lens, mouse brain and kidney tissue sections (Schey, An-
derson, & Rose, 2013). Moreover, LESA sampling has been
used on whole‐body thin‐tissue sections of drug‐dosed mice to
locate the distribution of drugs and drug‐metabolite analysis
(Kertesz & Van Berkel, 2010). Even though LESA shows low
spatial resolution (0.5–1 mm2), which is restricted by the size of
the liquid droplet, its potential to couple to high‐resolution mass
analyzers gives it an advantage for use as a complementary
approach to techniques like MALDI‐MSI.

1. OCT Compound in FF Tissue Analysis

Use of cryopreservation media such as OCT‐compound
represents an alternative to snap freezing to preserve FF tissues.
With OCT, tissue samples are cut in cubes, put in cryomolds,
covered with an OCT compound, frozen in liquid nitrogen or
isopentane/dry ice (−120°C) and stored at low temperature
(−80°C or lower) (Micke et al., 2006; Scicchitano et al., 2009;
Lim et al., 2010; Nirmalan et al., 2011; W Zhang, Sakashita,
et al., 2015). The OCT compound, a viscous aqueous product
that contains polyvinyl alcohol (PVA), benzalonium chloride
(antifungal agent), and polyethylene glycol (PEG) surrounds the
tissue without penetrating it (Young et al., 2008). In this way,
molecular information and structural details are preserved,
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FIGURE 3. Formation of freezing artifacts after muscle preservation using different procedures: (a) isopentane‐frozen
muscle; (b) muscle frozen in isopentane and also in contact with OCT medium. Formation of the freezing artifacts also

can be caused by liquid content of OCT; (c) muscle frozen at −80°C freezer and (d) muscle frozen in liquid nitrogen.

Slow freezing procedure can cause formation of artifacts (c,d). Thawed and refrozen sample from OCT medium (e)

showed improved intracellular morphology after represervation using method described (f). Reprinted with permission

from Meng et al. (2014), copyright year 2014 (Journal of Visualized experiments). OCT, optimal cutting temperature.

[Color figure can be viewed at wileyonlinelibrary.com]
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sample dryness is prevented by freezing, and the samples can be
easily cut in thin slices due to the regular‐shaped tissue blocks
(Weston & Hummon, 2013). Samples are usually cut into tissue
sections (6 to 12 µm thick) with the same type cryostat
microtome as used for FF tissues. However, the OCT compound
must be removed before MS analysis because it will cause ion
suppression and consecutively will limit the dynamic range of
the analytes of interest (Enthaler et al., 2013; Weston &
Hummon, 2013). In addition to ease of use, the OCT compound
is soluble in polar solvents and can be removed by washing with
water or water in combination with another polar solvent. For
example, OCT from skin tissue samples (12 µm thick,
approximately 8 mm2) was removed by a tissue wash with
different polar solvents that consisted of a gradient of EtOH
concentrations, Carnoy's fluid (EtOH:chloroform:acetic acid,
6:3:1, vol/vol/vol) or H2O with 0.2% trifluoroacetic acid to
improve spectral quality and protein yield. Protein quantifica-
tion with bicinchoninic acid assay showed that protein recovery
in the washed tissues varied from 62 to 83% compared to the
nonwashed samples (Enthaler et al., 2013) and the best protein
recoveries were produced when tissues were washed with EtOH
only or with cold EtOH and chloroform. These studies noted
that wash protocols that included aqueous components pro-
duced higher protein losses, and that traces of OCT compound
were still observed in the MALDI spectra. However, when
aqueous‐only wash steps were included (short dips of tissue in
two different aqueous solution), there was complete removal of
PEG from the samples (Fig. 4).

In another approach, efficiency of the OCT removal was
investigated with protocols used commonly to remove detergents
(Weston & Hummon, 2013). In these studies, colorectal cancer cell
lines were embedded into OCT, and protocols to remove OCT
included ether‐methanol precipitation, filter‐aided sample prepara-
tion (FASP), and SDS‐PAGE purification. MALDI‐MS spectra
before removal of OCT contained predominant characteristic PEG
ion series indicated by evenly spaced peaks with a difference of 44
m/z, whereas for all three methods after removal of OCT the mass
spectra were free of PEG peaks. Further, after LC‐MS/MS analysis,
3,307, 3,165, and 2,781 unique proteins were found when
precipitation, FASP, and SDS‐PAGE were used, respectively. The
overall number of proteins was, 3,917 and the number of common
proteins among the three methods was 2,305. The high degree of
protein overlap (59%) and the low percentage of unique proteins per
method (lower than 12%) demonstrated similarities among the
methods. In other research, OCT removal after enzymatic digestion
and quantification of glycoproteins was shown on prostate cancer
samples (Tian, Bova, & Zhang, 2011). After protein digestion, OCT
was removed with an SPE column after which N‐linked
glycopeptides were isolated with SPE of glycopeptides (SPEG)
(Tian et al., 2007). Briefly, the glycosylated peptides were oxidized
and coupled to a solid support, and nonglycopeptides were removed
with successive washes. The amino‐terminus of each glycopeptide
was labeled, and N‐linked glycopeptides were released with PNGase
F digestion and analyzed with mass spectrometry. Results showed
that glycosylation is retained in OCT‐embedded tissues, and that
102 unique formerly N‐linked glycopeptides that represented 79
unique glycoproteins were identified (Tian et al., 2011).

With regard to whole‐proteome studies after removal of OCT,
information is relatively scarce. One such publication reported the
influence of OCT medium on proteome analysis in brain tumor
samples of protein expression and phosphorylation‐mediated

signaling networks in paired FF and OCT‐embedded FF tissues
(Johnson & White, 2014). In this study, OCT‐embedded frozen
tissues were first rinsed with ice‐cold PBS buffer to remove the
OCT compound from the tissue. Subsequently, samples were
mechanically homogenized on ice (Polytron homogenizer) in the
presence of ice‐cold urea (8M) or ice‐cold modified RIPA buffer
that contained 1mM sodium orthovanadate (Na3VO4, enzymes
inhibitor), 0.1% NP‐40 (lysis buffer containing NaCl and Tris
HCl), and protease and phosphatase inhibitors. Quantification of
the protein‐expression profiles across the FF‐ and OCT‐embedded
FF samples identified 402 phosphotyrosine peptides and 1037
protein groups. These authors used hierarchical clustering and
correlation analysis to show a high degree of similarity by between
FF and OCT samples, which indicated that OCT‐embedding did
not significantly alter the protein expression and phosphorylation‐
mediated signaling networks.

IV. BIOCHEMICAL PROTOCOLS AND THEIR
IMPACT ON THE PROTEOME DATA MATRIX

Protein extraction is a critical step in tissue‐sample preparation
with disparate goals to release proteins from cells and cells from
tissues. Disruption of intra‐ and inter‐protein interactions to
solubilize proteins has a direct impact on the end‐results that
represents a formidable challenge. Therefore, extraction buffers
contain various additives such as chaotropes, surfactants, or
salts (Bodzon‐Kulakowska et al., 2007), all with the goal to
harvest proteins from their native environment in order to
facilitate their solubilization.

Although various protocols have been reported for tissue
analysis, it is unavoidable that some amount of each protein will
be lost and, to reduce losses is critical with small amounts of
tissue. To minimize loss of protein during sample transfer or
detergent removal steps, methods that minimize transfer of the
sample, sometimes called “single pot” methods have been
pursued (Wang et al., 2005; Hughes et al., 2014; Kanshin &
Thibault, 2014; Wang et al., 2005). Hughes et al. developed a
method in which the entire preparation is carried out in a single
tube, called single‐pot solid‐phase‐enhanced sample preparation
(SP3) (Hughes et al., 2014). The SP3 method is based on
carboxylate‐coated paramagnetic beads that use a hydrophilic
layer on the magnetic beads developed via addition of organic
solvent to the aqueous buffer. Proteins and peptides are attracted
toward the hydrophilic layer of the magnetic beads, and
contaminants are removed by a change in the composition of
the buffer. A simple decrease in the organic component of the
buffer and pH elutes proteins and peptides. SP3‐clinical tissue
proteomics was successfully applied to detect differential protein
expression in ovarian tumor tissues (Hughes et al., 2016).
Moreover, an in‐stage tip technology was recently reported for
very small sample analysis. This method also uses a single closed
volume to minimize loss during sample processing, and although
originally tested on Hela cells (Kulak et al., 2014), it was also
applied to muscle‐fiber tissue (Murgia et al., 2015).

A. Buffers, Chaotropes, and Salts

Most buffers for protein extraction maintain an alkaline pH that
favors protein stability and is important during subsequent
proteolytic digestion steps (Rabilloud, 1996). Control of the pH
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in solution is defined by the buffering capacity (pH of
approximately 0.5 units around pKa values). Commonly used
buffers for protein extraction from tissues are NH4HCO3

(ammonium bicarbonate), 4‐(2‐hydroxyethyl)‐1‐piperazineetha-
nesulfonic acid, RIPA buffer, and Tris/TrisHCl. Also, several
commercial buffer solutions like Liquid Tissue MS Protein Prep
Kit (Expression Pathology Inc) (Scicchitano et al., 2009;
Vincenti & Murray 2013), EXB, and EXB Plus (Qproteome
FFPE Tissue Kit from Qiagen) (Wolff et al., 2011; Yoshida
et al., 2013), or FFPE PES (Agilent) (Gámez‐Pozo et al., 2011)
are used for protein extraction.

The addition of organic molecules into the buffers can
significantly influence protein structure and stability. Due to the

wide range of biophysical characteristics of the proteins and our
limited knowledge on the solvent interaction during denatura-
tion, the mechanism(s) that control or influence protein
denaturation are not yet fully understood. However, denatura-
tion might occur in one or more steps: for example, impact of a
denaturant on the biomolecules themselves or alterations on the
protein environment (by a solvent) can also affect protein
stability and unfolding.

Urea is one of the most widely used denaturants to promote
protein solubilization. Urea stabilizes the protein denatured
state by hydrogen bonding to exposed polar moieties (ie, amide
groups) of proteins and helps to uncover hydrophobic regions
(Lim, Rosgen, & Englander, 2009). Urea has been successfully
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FIGURE 4. Influence of various on‐tissue washing procedures on the recovered protein quantity and the quality of

matrix‐assisted laser desorption/ionization spectra. Tissue washing procedures as follows: (a) 70% EtOH (30 s), 100

EtOH (30 s), Carnoy's fluid (120 s), 100% EtOH (30 s), 0.2% TFA (dip‐washing), 100% EtOH (30 s); (b) no washing; (c)

70% EtOH (30 s), 100 EtOH (30 s), deionized water (dip‐washing), 70% EtOH (30 s), 100% EtOH (30 s). Middle‐panel
shows control with displayed PEG signal present compared to on‐tissue digests after PEG removal with described

aqueous washing protocols. Reprinted with permission from Enthaler et al. (2013), copyright year 2013 (John Wiley &

Sons, Ltd.). EtOH, ethanol; PEG, polyethylene glycol; TFA, trifluoroacetic acid
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used in extraction buffers for protein extraction from FF and
FFPE tissues (Ronci et al., 2008; Bell et al., 2011; Rodríguez‐
Rigueiro et al., 2011; Dapic et al., 2017; Guo et al., 2007,
2015; Lai & Chen, 2015; Luebker & Koepsell, 2016; Dapic
et al., 2017). However, heating samples with urea can lead to
carbamylation of amino and sulfhydryl groups, and to chemical
modification of lysine and arginine residues (Sun et al., 2014;
Luebker, Wojtkiewicz, & Koepsell, 2015; Betancourt et al.,
2018). These modifications might cause incomplete protein
digestion and subsequently change of retention time, intensity,
and masses of the modified peptides. Some of these chemical
artifacts, like carbamylation caused by urea, can interfere with
in vivo carbamylation, an important PTM associated with renal
and cardiovascular diseases (Ok et al., 2005; Wang et al., 2007).
In order to prevent modifications induced by urea, cyanate
scavengers such as ammonium bicarbonate, methylamine, and
Tris‐HCl are often added to the extraction buffer (Lin et al.,
2004; Sun et al., 2014).

Guanidine hydrochloride (GndHCl) can also be used for
protein denaturation (Jiang et al., 2007; Önnerfjord et al., 2012;
Yamamoto et al., 2016). Unlike urea, GndHCl denaturation is
driven more by its ionic properties than urea, which is neutral.
Gnd+ can denature proteins in order to break salt bridges and
competitive binding to carboxylate groups (Meuzelaar, Panman,
& Woutersen, 2015). Given that urea and GndHCl use different
mechanisms for protein denaturation, their choice should be
based on the nature of the protein instead of treating them as
analog (Monera, Kay, & Hodges, 1994). Chaotropes can also
interfere with digestion, and it is known that the activity of
trypsin is decreased in the presence of urea at a concentration
higher than 4M or GndHCl at a concentration higher than
0.1M. Therefore, for proteases to work effectively, the
concentration of chaotropes must be reduced before enzyme
addition (Brownridge & Beynon, 2011). Protein extraction from
FF tissues with GndHCl with no heating showed nearly an
eightfold higher number of identified proteins than to FFPE
tissues, 480 and 57, respectively. However, heating FFPE
tissues for 30 min at 100°C in the presence of 40 mM Tris‐HCl,
6M guanidine HCl and 65 mM DTT gave results comparable to
FF tissues (480 and 470 identified proteins with two unique
peptides minimum, respectively) (Jiang et al., 2007).

Moreover, the presence of thiourea can increase solubility
of hydrophobic and transmembrane proteins, and has been
widely used in lysis buffers to extract of proteins from tissues in
concentrations of up to 2M (Ngoka, 2008; Fowler, O’Leary, &
Mason, 2014; Luebker et al., 2015; Shen et al., 2015). Its
importance has also been demonstrated in two‐dimensional gel
electrophoresis (2DGE), where it has been shown that inclusion
of thiourea improved electrophoretic resolution.

Beside urea‐based buffers, RIPA buffer is found to be
efficient in cell and tissue lysis. It has several variants, but typically
contains Tris‐HCl, NaCl, NP‐40, sodium deoxycholate (SDC), and
SDS (Ngoka, 2008; Drummond et al., 2015). RIPA lysis buffer has
been widely reported in tissue proteomic preparations with
multiple variations in the basic ingredients; addition of protease
and phosphatase inhibitors has also been used.

During cell lysis, many proteolytic enzymes can be
excreted to give rise to artefactual modifications (eg, protein
degradation). To minimize these biochemical reactions, in-
hibitors to inactivate proteases and phosphatases are often;
selection of the most suitable methods should be tested for

optimal results. Phosphatases and proteases bind reversibly or
irreversibly to a protease and defend proteins from modifica-
tions during extraction. Inhibitors have specific targeting classes
of compounds. To cover inadvertent proteolysis against a higher
number of proteases, it is common to use “protease inhibitor
cocktails” available for use in the form of solutions or tablets
(Drummond et al., 2015). Although some cocktails inhibit
serine and cysteine endopeptidases, others such as ethylenedia-
minetetraacetic acid (EDTA) operate through metal chelation
and inhibit metaloproteases. However, to maintain the function
and stability of metal‐ion dependent proteins, EDTA‐free
inhibitor cocktails might also be used.

The choice of buffer can influence extracted classes of
proteins. For example, the extraction of proteins from breast tissue
with RIPA buffer followed by an additional extraction with an
urea‐based buffer revealed that these two buffers discriminated
proteins according to their molecular weight (Ngoka, 2008). In this
study, proteins extracted with urea had an approximately 12%
higher molecular weight compared to proteins extracted with RIPA.
Most of the extracellular matrix proteins were soluble in urea‐based
buffers, but insoluble in RIPA buffer. Protein solubility in any
given buffer is influenced by several factors that contribute to the
overall structure, including the mass and amino acid composition of
the protein and the presence of hydrophobic regions and folds
intrinsic in its tertiary structure. Gamez‐Pozo et al. compared five
protein‐extraction protocols on non‐small cell lung cancer 7 µm
thick FFPE tissues (Gámez‐Pozo et al., 2011). Protocols were based
on extraction with three commonly used buffers: (1) 30%
acetonitrile (ACN) in 100mM NH4HCO3; (2) 40mM Tris with
6M GdnHCl; and (3) 40mM Tris and 2% SDS. Two other
protocols used commercial kits: (4) Qproteome and (5) FFPE PES.
The SDS‐based protocol (Protocol 3) yielded the highest amount of
protein from FFPE tissues, followed by the commercial kit
(Protocol 5) FFPE PES, which yielded 20% less. The ACN‐
NH4HCO3 buffer (Protocol 1) had the lowest yield in this study
about 25% lower than Protocol 3, 40mM Tris and 2% SDS.

Together with salts and chaotropes, the amount of organic
solvent used is an important factor for protein denaturation. In
an aqueous environment, hydrophilic protein domains become
exposed to solvents, whereas with the addition of an organic
solvent they tend to avoid exposure because proteins alter
conformation. Conformation change results in interruption
of ionic and hydrogen bonds that contribute to an “unraveling”
of the functional protein “architecture.” Another advantage of
addition of organic solvent is that their removal is easy to
accomplish through evaporation or lyophilization. Furthermore,
the addition of an organic solvent can help to extract membrane
proteins, because of their preference for organic‐aqueous
buffers compared to aqueous buffers (Blonder et al., 2002).
Several studies have reported the addition of different organic
solvents, such as ACN and methanol (MeOH), to extraction
buffers, whereas addition of 2,2,2‐trifluoroethanol (TFE) in
range of 40–50% showed improved solubilization and separa-
tion of membrane proteins detected with isoelectric focusing
(Deshusses et al., 2003). Different concentrations of organic
solvents in a range of 20–80% ACN (Russell, Park, & Russell,
2001; Alkhas et al., 2011; Longuespée et al., 2016) have been
found optimal in different reports. Large extent of organic
solvents concentration suggests that the results of various
buffers might be sample‐specific. For example, Hervey et al.
reported that 6M GdnHCl and 80% ACN yielded a higher
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number of peptides than 0.1% RapiGest (Hervey, Strader, &
Hurst, 2008), and in another study on a yeast lysate the opposite
trend was was attributed to a decrease of trypsin activity (Wall
et al., 2011).

Addition of certain salts promotes protein solubility.
Therefore, salts are often added to extraction buffers (Guo
et al., 2007; GE Healthcare, 2010). Salts interrupt electrostatic
forces formed by charged groups in proteins, and salts most
often used in tissue analysis are KCl, NaCl, and Tris‐HCl. The
influence of salts on protein solubility can be estimated from the
Hoffmeister (lyotropic) series. Ions at the end of the series have
the most influence on protein stability. So‐called salting‐in ions
weaken hydrophobic interactions and increase entropy of water
and are used to solubilize proteins; by comparison, salting‐out
ions strengthen hydrophobic interactions and can be used for
protein precipitation.

B. Surfactants

Surfactants (surface‐active agents) or detergents are commonly
used in sample preparation for protein extraction from tissues
and cells. Surfactants can be classified as ionic, nonionic, or
zwitterionic, and the invention of MS‐compatible surfactants
(acid‐labile, thermo‐labile) provided an effective way to
overcome unwanted side effects during their removal from a
sample.

Ionic surfactants are the most widely used because they
have cationic‐ or anionic‐charged head groups and a hydro-
phobic (SDS) or steroidal (SDC) backbone. They are very
effective in protein solubilization and denaturation because they
disrupt hydrophobic interactions; these structural characteristics
allow them to make self‐associated structures (ie, micelles).
Hydrophobic domains of proteins are surrounded by a
hydrophobic backbone of surfactant to form protein‐detergent
micelles (Rabilloud, 1996; Speers & Wu 2007). The concentra-
tion of detergent needed to form micelles is called critical
micelle concentration. The size and stability of a micelle can be
controlled with surfactant hydrophobic chain length. SDS is a
commonly used ionic detergent that very efficiently solubilizes
hydrophobic and amphipathic membrane proteins. SDS, as an
anionic detergent, binds to positively charged side chains of
proteins to hamper aggregation. Although this beneficial steric
effect will also limit availability of cleavage sites during
proteolysis, it is mitigated by dilution to roughly 0.1% prior to
digestion, however a wide range of concentrations (0.1–4%) of
SDS have been used for lysis in tissue proteomics (Palmer‐Toy
et al., 2005; Gräntzdörffer et al., 2010; Craven et al., 2013;
Dapic et al., 2017).

Even though SDS is so powerful for protein solubilization,
it is an MS‐incompatible chemical that reduces peptide
detection and interferes with electrospray ionization, which is
most commonly used to couple HPLC peptide separations with
MS detection. Numerous methods such as protein precipitation
with organic solvents or acids, surfactant precipitation,
membrane filtration, strong‐cation exchange, or electrophoretic
techniques have been used to remove SDS prior to LC‐MS
analysis (Bereman, Egertson, & Maccoss, 2011). The most
commonly used method is protein precipitation with acetone,
which causes proteins to aggregate and form a pellet with
surfactant retention in the supernatant. However, a drawback of
this technique is that many proteins are difficult to solubilize

afterward. Recently, it has been shown that protein recovery
after acetone precipitation can be improved with ion‐pairing by
addition of salt (ie, NaCl) (Crowell, Wall, & Doucette, 2013).
Besides acetone, other solvents used for detergent removal
include ethyl acetate, methanol/chloroform, and trifluoroacetic
acid (Yeung et al., 2008; Zhou et al., 2012; Leon et al., 2013;
Kachuk, Stephen, & Doucette, 2015). Moreover, SDS can be
removed with KCl precipitation through formation of a K‐SDS
precipitate. Another recently reported method used greather
than or equal to 0.5% SDS for protein extraction, and in a later
step, SDS was removed in the form of K‐SDS precipitate (Zhou
et al., 2012). This method was tested on mouse brain tissue, and
showed a similar number of protein identifications compared to
filter‐aided sample preparation (FASP), TFE, and urea‐based
protocols; those indicated that SDS can be alternatively
removed after peptides have been produced.

Molecular weight cut‐off (MWCO) filters have also been
described in tissue proteomics, and can be an effective way of
contaminant elimination. Wisniewski et al. reported use of the
FASP method (Wisniewski et al., 2009; Wiśniewski, 2016),
which was pioneered by Manza et al. (Manza et al., 2005), on
several tissue studies (Ostasiewicz et al., 2010; Wisniewski
et al., 2011, 2015; Shen et al., 2015; Bennike et al., 2016;
Dowling et al., 2016; Föll et al., 2018). Proteins were first
solubilized in a 4% SDS solution and with exchange with urea
buffer SDS was washed off the sample and proteins were
captured on MWCO filter. This procedure was followed by
enzymatic digestion, after which peptides were eluted in a final
step while high‐molecular‐weight substances were retained on
the filter to minimize interference. FASP was further extended
to a so‐called enhanced FASP (eFASP) (Liu et al., 2014) that
was applied to analysis of Escherichia coli with 0.2%
deoxycholic acid; reported an increase in trypsin activity was
found for cytosolic and membrane proteins compared to the
original FASP method. However, in another report, Nel et al.
(2015) showed no significant difference with FASP or eFASP.
Colorectal tissue samples processed with FASP and strong
anion exchange (SAX) peptide fractionation revealed approxi-
mately 10,000 proteins to yield more than 2,000 proteins with
significant modifications between normal (N), adenoma (A),
and colon cancer (C) tissues (23% between N and A, 17.8%
between A and C, and 21.6% between N and C) (Wisniewski
et al., 2015). Also, in a FASP study of renal cell carcinoma, a
total of 1761 identified proteins were identified, 596 were
differentially expressed in cancer and noncancer samples (Atrih
et al., 2014). Yet another variation, called N‐glyco FASP, was
developed to enrich glycopeptides after they were bonded to
lectin‐immobilization supports (Zielinska et al., 2010; Wiś-
niewski, Zielinska, & Mann, 2011). Use of multiple enzymes
for protein digestion, multienzyme digestion‐FASP (MED‐
FASP) applied on tissue lysates yielded an increase in protein
identifications (Wiśniewski & Mann, 2012), while its improved
version thiol‐activated polyethylene glycol FASP enriched
cysteine‐containing peptides (Wisniewski & Pruś, 2015).

Drawbacks of SDS include ion suppression and incompat-
ibility with enzymatic digestion, and resulted in development of
alternative detergents to assist in protein extraction and
denaturation. Proc et al. (2010) have reported that the ionic
detergent SDC is a good alternative for SDS with a similar
efficiency in denaturation, but easier to remove from plasma
samples. SDC is a bile acid salt and a mild detergent that
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contains a steroidal group that has a polar and apolar face rather
than polar “head” and hydrophobic “tail” like SDS
(Seddon, Curnow, & Booth, 2004). Comparison of protein
extraction from mitochondrial samples with buffers that
contained 5% SDC and 8M urea showed that SDC yielded
more identified proteins compared to urea alone (Leon
et al., 2013).

Mild detergents like polyoxyethylene that are based on
nonionic surfactants (Triton X‐100, Brij, Tween) and alkyl‐
glycosides (n‐dodecyl‐β‐D‐maltoside, octyl‐glucoside) have
hydrophilic polar head groups that are not charged and a
hydrophobic tail (Dong, Li, & Mo, 2013; Liu et al., 2015). For
example, their head group might contain an alkylpolyethylene
ether domain (Brij) or phenyl group (Triton X‐100, NP‐40).
They are considered mild detergents because they disrupt lipid‐
lipid and protein‐lipid associations rather than protein‐protein
interactions. Because they are considered to be nondenaturants,
they are often used to isolate proteins in their biochemically
active forms.

Moreover, zwitterionic compounds such as 3‐((3‐cholami-
dopropyl) dimethylammonio)‐1‐propanesulfonate (Wang et al.,
2005; Hill et al., 2015) combine properties of ionic and nonionic
detergents. As nonionic detergents, they interrupt protein‐
protein interactions, but do not possess a net charge and,
therefore, lack electrophoretic mobility. Although they might be
less effective in protein extraction than SDS, they can, however,
be added to the buffer in order to complement protein extraction
(Shen et al., 2015; Broeckx et al., 2016). Preference for buffer
composition can also be tissue‐dependent due to the diversity of
proteins in various tissues. Shen et al. (2015) showed that
zwittergent‐containing buffers extracted more unique proteins
and peptides for kidney and lung, whereas for brain a
PEG20000‐containing buffer was better compared to a urea‐
based buffer that extracted fewest proteins among those tested.
Due to their chemistry, zwitterionic detergents solubilize
proteins better than nonionic detergents, but are not as good
as linear alkyl chain‐containing compounds.

Alternatively, to minimize interference with ionization and
to simplify sample processing, MS‐compatible detergents were
developed and tested on different tissue types (Norris, Porter, &
Caprioli, 2003; Chen et al., 2007, 2008). Specifically, acid‐
labile surfactants contain functional moieties with a hydro-
phobic tail and hydrophilic head that can be separated by
cleavage of an acid labile‐bond at low pH (Table 3). Although
in their intact form they are MS‐incompatible, after hydrolysis
at low pH they break down into noninterfering by‐products. One
example is sodium 3‐((1‐(furan‐2‐yl)undecyloxy)‐carbonyla-
mino)propane‐1‐sulfonate (ProteaseMAX), an anionic surfac-
tant that contains a sulfonate group and is structurally similar to
SDS, which allowed rapid digestion of membrane proteins like
bacteriorhodopsin (Saveliev et al., 2013). ProteaseMAX under
acidic conditions decomposes into two components: (1) a
neutral
1‐(furan‐2‐yl)undecan‐1‐ol and (2) a zwitterionic 3‐aminopro-
pane‐1‐sulfonic acid. This detergent also shows a concentration‐
and temperature‐dependent degradation at neutral pH probably
due to destabilization of the labile bond by furanyl group.
Protocols can be optimized so that this type of surfactant can be
degraded during digestion to eliminate the need for an
additional degradation step. Several other acid‐labile detergents
such as RapiGest SF, Invitrosol, or MaSDeS have also been

reported (Nomura et al., 2004; Chen et al., 2007; Y‐H Chang,
Gregorich, et al., 2015). The MasDes surfactant is structurally
similar to SDS, and showed comparable efficiency to SDS to
extract membrane proteins (Y‐H Chang, Gregorich, et al.,
2015). In addition, although several studies have reported a
similar or higher protein‐extraction efficiency of the MS‐
compatible detergents compared to SDS, their main disadvan-
tage is their high cost (Chen et al., 2007; Waas et al., 2014).

Waas et al. compared several buffers that contained MS‐
compatible surfactants, namely Invitrosol, which is a PPS Silent
Surfactant; Progenta, an anionic acid‐labile surfactant; Pro-
genta, a cationic acid‐labile surfactant; ProteaseMax; and
RapiGest SF (Waas et al., 2014). They showed that Progenta
surfactants produced the largest number of identified transmem-
brane proteins. Among the chaotropes tested, GndHCl was
preferable to urea for greater production of hydrophobic
peptides while its combination with ACN was favored to
increase sequence coverage of transmembrane proteins.
GndHCl was also shown to have a solvent preference toward
MS‐compatible detergents. The combination of Rapigest and
PPS detergents with Tris buffer showed an increase of 22.7%
and 40.6% in protein identifications compared to their
combination with 80% ACN (Chen et al., 2007). However,
when IVS detergent was combined with Tris buffer, results
showed a decrease of 30.4% in identified proteins compared to
combination with 80% ACN.

C. Protein Digestion

In all bottom‐up proteomic applications, proteins are proteoly-
tically digested into highly complex mixtures of peptides that
are further subjected to LC‐MS/MS analysis. However, before
digestion, additional steps include reduction of protein disulfide
bonds to improve protease access and facilitate unfolding and
subsequent alkylation to prevent reoxidation. Reagents for
disulfide bond reduction between cysteine residues are com-
monly DTT, tris(2‐carboxyethyl)phosphine, BME, or dithioer-
ythritol.

Breakage of disulfide bonds leads to protein unfolding,
which in turn improves solubility. DTT is the most commonly
used reducing agent, and after formation of thiol groups is
converted into cyclic disulfide (Hustoft et al., 2010). Subse-
quently, the thiol groups of the cysteine residues are alkylated to
prevent the reformation of disulfide bonds. Alkylation is
generally achieved by addition of iodoacetamide or iodoacetic
acid (Rabilloud, 1996; Hustoft et al., 2010).

Currently, trypsin is considered the “gold standard” in protein
proteolysis in all aspects of proteomics, including tissue proteomics
(Palmer‐Toy et al., 2005; Tanca et al., 2014; Luebker et al., 2015;
Shah et al., 2015). However, to supplement digestion or increase
protein coverage, sometimes other proteinases such as Lys‐C (Le
Bihan et al., 2006; Nagaraj et al., 2008; Wakabayashi et al., 2014)
or chymotrypsin are used alone or in combination with trypsin. For
example, trypsin has shown a lower cleavage efficiency toward
lysine compared to arginine (Tsiatsiani & Heck, 2015) and to
increase cleavage efficiency, trypsin can be combined with Lys‐C,
which cleaves at the carboxyl site of lysine residues. Another
advantage of Lys‐C is that it has activity in the same pH range as
trypsin and can be used with urea concentrations already present for
denaturation (6–8M); however for trypsin digestion urea needs to
be diluted to <2M (Klammer & MacCoss, 2006).
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More specifically, trypsin belongs to the serine protease S1,
family and catalyzes hydrolysis of a peptide bond in two steps.
The binding pocket of trypsin has an aspartate residue in the
binding cleft to allow basic amino acids that are protonated at
low pH to bind. However, in practice, only amino acids with
long basic side chains, such as lysine and arginine, will make a
stable salt bridge with aspartate that lasts long enough for
cleavage to occur (Polgár, 2005).

Lysine and arginine are two of the most abundant amino
acids in the human body; that fact led to the popularity of
trypsin as a proteomic reagent. Furthermore, trypsin has an
optimal activity at pH 7.5–8.5, and peptides produced by trypsin
are typically a favorable length for tandem MS (Tsiatsiani &
Heck, 2015). The quality of trypsin is an important factor in its
use for digestion. Its susceptibility to autolysis and generation of
fragments that interfere with sample analysis has been reduced
with laboratory‐modified trypsin that is highly resistant to
autocatalytic reactions. Moreover, trypsin autolysis can be
decreased by the addition of calcium ions when Ca2+ in natural
concentration in samples is low (Hustoft et al., 2010). Several
attempts have been carried out to improve the digestion
efficiency. In 2015, Fang and co‐workers tried to reduce the
number of nonspecific trypsin cleavages and to investigate the
effect of protein‐to‐trypsin ratio (Fang et al., 2015). They found
that a higher ratio resulted in a higher number of nonspecific
trypsin cleavages. Importance of protein‐to‐trypsin ratio might
be explained by the fact that trypsin autolysis depends on
concentration, because the higher chance that a trypsin
encounters another trypsin molecule might result in a higher
autolytic rate. However, eventhough trypsin has been dom-
inantly used in proteomics so far, it also comes with limitations
(ie generated peptides might be too short and not detected by
MS), and therefore alternative proteases should be considered
(Swaney, Wenger, & Coon, 2010; Tsiatsiani & Heck, 2015).

As alluded to above, the combination of trypsin and Lys‐C
can result in higher digestion efficiency and thus more identified
proteins compared to use of trypsin alone. However, although
multiple examples exist on use and comparison of multi‐protease
digestion on HeLa cell lines, E. coli, yeast and model proteins
(Choudhary et al., 2003; Glatter et al., 2012; Chiva, Ortega, &
Sabid, 2014; Guo et al., 2014; Cui et al., 2019; Morsa et al.,
2019), information on methodological comparisons on complex
samples such as tissues is limited. Biringer et al. demonstrated
that a combination of the data of the digestion of cerebrospinal
fluid with Glu‐C, chymotrypsin, and trypsin resulted in an
increase of sequence coverage for detected proteins (Biringer
et al., 2006). In another report, digestion of 300 Duke's type C
colorectal adenocarcinoma (DLD‐1) cells showed a higher
number of identified proteins with trypsin alone in comparison to
chymotrypsin alone or a combination of trypsin and chymo-
trypsin (278, 104, and 173 respectively) (Chen, Yan, & Zhang,
2015). However, even though trypsin alone showed an
advantage to identify most proteins, combination with chymo-
trypsin typically produced increased protein sequence coverage.
Interestingly, decades ago trypsin was typically contaminated
with chymotrypsin due to secretion together for digestion
(Kostka & Carpenter, 1964). In later research, chymotrypsin
activity was removed to create the pure version of trypsin we use
today. Another possibility to use multi‐enzyme digestion on
tissue lysates is the aforementioned MED‐FASP. The use of
MED‐FASP on brain and liver lysates with a two‐step digestion

process that combined Lys‐C and trypsin showed a twofold
increase in detected phosphorylation sites compared to trypsin
digestion alone (Wiśniewski & Mann, 2012). MED with Lys‐C,
trypsin, and chymotrypsin confirmed their advantage over single
enzyme digestion evidenced by increased number of peptides,
proteins and increase in sequence coverage (Wiśniewski,
Wegler, & Artursson, 2018). Another protease, Arg‐C cleaves
peptide bond at C‐terminus of the arginine to generate longer
peptides that contain basic residue and has been somewhat less
used in proteomics compared to Lys‐C. Alternatively, reversible‐
or irreversible‐amine derivatization to block lysine residues
might be used to utilize Arg‐C like digestion with trypsin
(Garcia et al., 2007; Wu et al., 2018). Further, proteases used for
middle‐down proteomics as Arg‐C, Asp‐N, and Glu‐C can be
used to reveal information about posttranslational modifications
(PTMs) or protein isoforms, as that is in histones that have many
isoforms, are lysine‐ and arginine‐rich and generated tryptic
peptides might be too short and difficult to detect (Arnaudo
et al., 2011; Kalli, Sweredoski, & Hess, 2013). Convenience of
MED to overcome limitations of trypsin to generate too short or
too long peptides was also showed with pepsin, thermolysin and
trypsin in study of N‐glycosites in liver tissue. Generated N‐
glycopeptides were enriched with hydrazide chemistry and
further processed with PNGase F. Only 20 N‐glycosites were
shared among proteases whereas 622 N‐glycosites were
identified with trypsin alone and additional 317 (33.7%) with
pepsin and thermolysin which led to increased coverage of N‐
glycosilation sites (Chen et al., 2009). However, although multi‐
enzyme digestion has shown potential to increase sequence
coverage and the number of identified proteins, it is not fully
recognized as a standard protocol for proteomic analysis of
tissue (Tsiatsiani & Heck, 2015).

Moreover, chemical digestion with various chemical agents
as acid (ie, formic or acetic acid), cyanogen bromide (CNBr) or
2‐nitro‐5‐thiobenzoic acid (NTCB) can also be used to cleave
proteins, even though their use has been so far more applied on
protein mixtures rather than tissues (Aiqun et al., 2001;
Swatkoski et al., 2008; Srzentić et al., 2018). One of the most
used reagents for chemical cleavage is CNBr that cleaves at
methionine residues (Hill et al., 2015; Goddard et al., 2016;
Sato et al., 2016), and also can be used in combination with
trypsin to obtain smaller length peptides (Quach et al., 2003).
Chemical digestion with CNBr prior to trypsin digestion
showed advantageous to solubilize insoluble extracellular
matrix (iECM) components as that is collagen in lung and
liver (Hill et al., 2015; Goddard et al., 2016). However,
drawbacks as toxicity of CNBr led to development of
alternative methods as hydroxylamine (NH2OH) for digestion
of iECM components (Barrett et al., 2017). Further option for
chemical digestion might be acid hydrolysis whereas peptides
generated from the ribosomal proteins presented middle‐mass
range peptides (Cannon et al., 2010) that were longer and
carried more basic residues compared to tryptic peptides
(Swatkoski et al., 2008). In addition, most of the studies
reported were focused on investigation of particular protein
modifications or were restricted to some proteins (ie, individual
proteins or complex proteins mixtures). Several reports have
shown that chemical‐mediated digestion could improve se-
quence coverage of the proteins, improve their solubilization,
aid to cleavage efficiency and might be valuable step in a
sample preparation protocol. However, systematic evaluation of
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the digestion with small molecules compared to enzymatic
proteolysis still needs to be investigated on larger number of
tissue samples.

V. MECHANICAL AND PHYSICAL PROCEDURES
TO FACILITATE PROTEIN RETRIEVAL FROM
TISSUES

Use of buffers for chemical extraction of proteins from their
natural environment is the most common sample treatment
approach. However, proteins can also be extracted with physical
procedures where mechanical or thermal external energy is used.
Advantages of these methods is the possibility to shorten long‐
chemical extraction procedures, which might introduce unwanted
side reactions, and to minimize adsorptive sample loss as well as
to simplify sample preparation. Numerous physical methods such
as mechanical, freeze‐thaw, ultrasonication, or pressure can be
used for cell disruption. Here, we discuss some of these methods
on tissues and their recent applications. Ideally, optimization of
one of these methods would lead to integration in tissue analysis
for standard workflows in clinics.

A. Ultrasonication

Ultrasonication can be used as a fast and efficient method to
extract proteins as well as to speed up protein digestion.
Ultrasonication has proven successful in proteomic experiments
for cell lysis and to facilitate protein digestion. The mechanism of
ultrasound‐assisted digestion of proteins is not completely
understood; however, an important role is attributed to the
increase in diffusion rates and temperature related to the
cavitation phenomena. Cavitation occurs in liquids when pressure
rapidly changes. This change in pressure causes air pockets or
cavities to form as the bonds between water molecules are
disrupted. The consequence of production of these microbubbles
is a force strong enough to disrupt cellular architecture. When a
cavitation bubble collapses near a solid‐particle surface, the
microjets of solvent can cause disruption and mechanical erosion
of a structure. In this way, enzymes might also be brought closer
to regions of interest (López‐Ferrer, Capelo, & Vázquez, 2005)
(Fig. 5a). High‐intensity focused ultrasound (HIFU) can be used
to accelerate protein digestion to a few minutes (López‐Ferrer
et al., 2005). In addition, HIFU has also proved to be a promising
tool for regional treatment of tumors (Al‐Bataineh, Jenne, &
Huber, 2012), and has been applied for treatment of different
organs and cancer types (Zhou, 2011; Xie et al., 2011a).

A variety of ultrasonic devices such as ultrasonic baths,
ultrasonic probes, cup‐horns, and sonoreactors can be used to
provide ultrasonic energy (Santos & Capelo, 2007; Araujo et al.,
2014). The possibility to produce ultrasonic energy also
depends on the device used, and it has been shown that a
slightly longer time is needed to digest α‐lactabumin when a
sonoreactor is used compared to an ultrasonic probe (Rial‐Otero
et al., 2007). However, the possibility to simultaneously process
several samples with a sonoreactor can decrease the total time
needed for analysis. Moreover, variables such as amplitude,
sonication volume, and type of sample container can influence
effectiveness of enzymatic digestion (Carreira et al., 2007).

Along with model proteins and cell lines, application of
ultrasound energy has also been demonstrated on complex

samples such as tissues. For example, Santos et al. sped up
enzymatic digestion of liver tissue to 30 sec with an on‐target
ultrasonic approach (Santos et al., 2013). This group used glass
slides coated with indium oxide used in MSI in conjunction with
a sonoreactor for digestion. Short digestion times processed 20
samples in 5 min to improve the potential of the method for high‐
throughput applications. In another approach, Hansen et al. used
a combination of ultrasound and surfactant‐assisted digestion of
extracellular matrix proteins, which are difficult to digest with
standard methods (Hansen et al., 2009). Ultrasonication‐facili-
tated digestion of Matrigel resulted in nearly 50% more identified
proteins compared to a traditional digestion procedure. With
ultrasound, they identified 248 proteins and increased sequence
coverage for several proteins in rat mammary matrix, where
perlecan, collagen α3, decorin, fibrillin 1, and fibronectin were
among the top five identified proteins.

B. Pressure‐Based Systems

Recently, it has been shown that elevated hydrostatic pressure
can improve protein extraction and reduce the digestion time of
proteins from complex biological samples (Tao et al., 2007;
Yang et al., 2010; Freeman & Ivanov, 2011; Olszowy, Burns, &
Ciborowski, 2013). This type of technology was shown to be
suitable for protein extraction from biopsy‐sized tissues and is
known as a pressure‐cycling technology (PCT). The technology
uses cycles of hydrostatic pressure between ambient and ultra‐
high pressure, and promotes water penetration into the protein
core to destabilizae the sample complexes and disassemble
protein aggregates (Fig. 5b). Another advantage of PCT is
extraction of proteins without the use of detergents in extraction
buffers to thus simplify sample preparation and to make it
potentially more compatible with LC‐MS/MS analysis.

Moreover, it has been shown that heat‐high pressure
combinations improved protein extraction from FFPE tissues
(Namimatsu et al., 2005; Fowler et al., 2012, 2014; Fu et al.,
2013). Although pressure causes denaturation and stimulates
water penetration, heat contributes to protein unfolding.
Consequently, the combined effect of heat and high pressure
facilitates the rehydration of cross‐linked protein in FFPE
tissue, and in reverses cross‐links and protein solubilization. Fu
et al. showed on aortic tissue samples that a combination of heat
and elevated pressure increased protein yield 1.5‐fold compared
to heat only, and 8.3‐fold compared to extraction at room
temperature (Fu et al., 2013).

In the last several years, PCT systems have gained interest
and are available as Barocycler technology (Rosenberger et al.,
2014) or PCT‐MicroPestle (Shao et al., 2016). The PCT
approach has been successfully used with the sequential
window acquisition of all theoretical spectra‐MS, which is a
mass spectrometric method that combines DIA with targeted
data analysis. In the application of PCT for sample processing,
results showed that applied pressure and pressure‐cycle number
played an important role. In one report, PCT‐MicroPestle,
mechanical tissue homogenizer significantly increased the
amount of extracted proteins from liver, heart, and brain tissue
compared to conventional PCT. The method was shown to be
suitable for use on small amounts of tissue, whereas for
extraction of proteins from large tissue samples (>10 mg), a
defined volume of extraction buffer might be a limiting factor
(Shao et al., 2016).
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C. Picosecond infrared laser

Laser techniques are recognized as an important tool in surgery,
and recently it was demonstrated that (picosecond infrared laser

[PIRL]) could be used for ablation of tissues to minimize thermal
damage of surrounding tissue areas. PIRL uses IR pulses that are
tuned to resonate OH vibration stretch bands in water in the 3 μm
wavelength range. Ultrafast relaxation of the vibrationally excited
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FIGURE 5. Overview of some physical methods for releasing proteins from human tissues. (a) Ultrasonication.

Reproduced with permission from Nakajima et al. (2016) copyright year 2016 (Nature publishing group) (b) Pressure

based systems. Reproduced with permission from Shao, Guo, & Aebersold (2015) copyright year 2015 (Elsevier). (c)

Picosecond infrared laser. Reproduced with permission from (Amini‐Nik et al. (2010) copyright year 2010 (PLoS ONE).

[Color figure can be viewed at wileyonlinelibrary.com]
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OH bond can lead to energy transfer to translational motions, which
are related to the ablation process of the local tissue (Fig. 5c).

Due to its high abundance in tissues, water is the most targeted
compound. Under pulsed irradiation, water goes into a phase
transition in an ultrafast explosive manner that leads to ablation of
tissue. Pulse durations are one of the most important factors during
laser treatment, and whereas microsecond or nanosecond lasers
might cause surrounding tissue damage by leakage of deposited
energy, picosecond lasers are the least invasive. As such, PIRL was
recognized as a tool in laser surgery and for ablation of different
tissue types such as corneal tissue (Linke et al., 2015), kidney (Zou
et al., 2015), vocal folds (Böttcher et al., 2013; Hess et al., 2013),
tooth enamel (Franjic et al., 2009) or skin (Jowett et al., 2013).
Also, PIRL can extract intact proteins from biomaterials, and PIRL‐
LESI was used for molecular imaging of proteins, phospholipids
and small molecules (Zou et al., 2015).

Recently, it was shown that PIRL with desorption by
impulsive excitation (DIVE) can be used to extract proteins from
tissues (Kwiatkowski et al., 2015). PIRL‐DIVE generated aerosol
from muscle tissue yielded nearly sixfold more proteins
compared to a traditional mortar‐ and pestle‐method of protein
extraction. The ablation process was shown to be soft enough to
extract proteins from tissue without any change in their chemical
composition, and samples of human blood plasma were shown to
have detectable enzymatic activities after sample treatment.
PIRL‐DIVE showed a high quality of tissue homogenate with a
higher number of intact proteins and recovery compared to
mechanical homogenization (Kwiatkowski et al., 2016).

VI. CONCLUSIONS AND FUTURE PERSPECTIVES

Sample preparation plays a major role in proteome discovery
and is considered one of the most important steps in tissue
analysis. Typical methods include several steps that consist of
tissue lysis, digestion, instrumentation, and data analysis. One
of the most important aspects of available analytical methods is
to carry out analysis in a reproducible manner. However, this
goal might be challenging when the amount of tissue available
is limited. Thus, together with traditional approaches for tissue
analysis, there has been a constant development in technologies
to attempt to address analysis of small amounts of sample (eg, 1
to several dozen cells). Extensive manipulation of the sample
often leads to adsorptive losses of proteins. Various methods
have been suggested to avoid this problem: one is simply to try
to directly detect proteins from tissues and avoid as many
intermediate steps as possible. On‐tissue digestion or FASP
methods are good alternatives when one reduces the number of
steps in sample preparation. Nanodroplet‐processing platforms
have extended proteome‐profiling capabilities down to a dozen
cells. Also, some novel technologies, such as microfluidic
devices, have been developed to process small numbers of cells
that might be integrated into standard nano‐LC‐MS workflows
to provide opportunities to automate the entire process. These
types of developments could eventually lead to high‐throughput
methods that would benefit clinicians and patients.

Today, considerable effort is dedicated to develope
technologies that will address specific needs of proteome
analysis for tissues. Pressure has been made to bridge the gap
between the deep proteome profiling of small numbers of cells
from clinical samples whereas to maintain demonstrated

reproducibility and robustness of the methods. Further integra-
tion of the present‐day technologies into clinical laboratories
will bring opportunities for routine proteome detection from
clinical samples. In this fashion, translation of results in a
biological context together with pathologists’ interpretations of
proteomic data from tissue might lead to more precise protein
biomarker discoveries. Moreover, a systematic integration of
the acquired proteome and the interpretation together with
pathological insights of patient‐specific information might lead
to improved patient treatment decisions.
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ABBREVIATIONS

2DGE two‐dimensional gel electrophoresis
ACN acetonitrile
AR antigen retrieval
BME β‐mercaptoethanol
CHAPS 3‐((3‐cholamidopropyl) dimethylammonio)‐1‐propa-

nesulfonate
CMC critical micelle concentration
COST European Cooperation in Science and Technology
CT computer tomography
DDA data dependent acquisition
DESI desorption electrospray ionization
DIA data independent acquisition
DIVE desorption by impulsive excitation
DTE dithioerythritol
DTT dithiothreitol
EDTA ethylenediaminetetraacetic acid
eFASP enhanced FASP
EPPE ethanol preservation and paraffine embedding
EtOH ethanol
FAIMS field asymmetric waveform ion mobility -

spectrometry
FASP filter aided sample preparation
FF fresh frozen
FFPE formaline fixed paraffine embedded
FNA fine needle aspiration
H&E hematoxylin and eosin stain
HEPES 4‐(2‐hydroxyethyl)‐1‐piperazineethanesulfonic acid
HIFU high‐intensity focused ultrasound
HPLC high performance liquid chromatography
IAA iodoacetamide
IEF isoelectric focusing
IR infrared
LC‐MS
/MS liquid chromatography tandem mass spectrometry
LCM laser capture microdissection
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LESA liquid extraction surface analysis
MALDI‐
MSI matrix‐assisted laser desorption/ionization‐mass

spectrometry imaging
MED‐
FASP multienzyme digestion‐FASP
MeOH methanol
MWCO molecular weight cut‐off
NASH nonalcoholic steatohepatitis
OCT optimal cutting temperature
PCT pressure cycling technology
PEG polyethylene glycol
PIN prostatic intraepithelial neoplasia
PIRL picosecond infrared laser
PRM parallel reaction monitoring
Protease
MAX sodium 3‐((1‐(furan‐2‐yl)undecyloxy)‐carbonyla-

mino)propane‐1‐sulfonate
PTM posttranslational modification
PVA polyvinyl alcohol
RIPA radioimmunoprecipitation assay
RS Reed‐Stenberg
SAX strong anion exchange
SDC sodium deoxycholate
SDS sodium dodecyl sulfate
SDS‐
PAGE sodium dodecyl sulfate polyacrylamide gel electro-

phoresis
SIMS secondary ion mass spectrometry
SOP standard operating pocedure
SP3 single‐pot solid‐phase‐enhanced sample preparation
SP3‐CTP SP3‐clinical tissue proteomics
SPEG solid‐phase extraction of glycopeptides
SRM single reaction monitoring
SWATH sequential window acquisition of all theoretical

spectra
TAPEG thiol‐activated polyethylene glycol
TCEP tris(2‐carboxyethyl)phosphine
TFA trifluoro acetic acid
TFE 2,2,2‐trifluoroethanol
Tris tris(hydroxymethyl)aminomethane
TuBa-
Frost European Human Frozen Tumour Tissue Bank
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