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Mass spectrometry (MS)-profiling of human bodily fluids is a new approach for the discovery of novel
disease biomarkers and, consequently, of new druggable targets. However, the complexity and the high
dynamic range of biological samples make the characterization of endogenous peptides and/or proteins
a challenging task. To this end, the introduction of new technologies, enabling sample pre-fractionation
and/or pre-treatment before MS, could be useful. Progress in the field of nanostructured materials has
provided innovative devices, particularly those based on mesoporous silica, which have proved to be
successful. The ability to address new emerging material-based MS-profiling platforms will ultimately
determine how deeply nanotechnology and proteomics can contribute to improve drug and/or target

discovery.

Introduction

Mass spectrometry (MS) is undoubtedly the gold standard tool for
proteomic applications. By using MS tools it is easily possible to
generate a spectrum of peaks from a clinical sample, and the ability
to screen and discover multiple biomarkers simultaneously opens
up new avenues for early diagnosis and predictive medicine.
Molecular barcodes or signatures ‘written’ in blood or in other
bodily fluids could be revealed by the power of MS-based profiling
in combination with bioinformatics approaches. Not dismissing,
but embracing, the seminal concept and philosophy launched by
Petricoin et al. [1], many research groups have addressed the
strengths and weaknesses of this strategy. So, one promising field
of clinical proteomics is now represented by surface-enhanced
laser desorption ionization (SELDI-TOF) and matrix-assisted laser
desorption ionization-time of flight (MALDI-TOF) MS-based
approaches for profiling clinical samples.

This task can be challenging, in fact differential expression
profiling requires a sensitive technology to discern every little
difference and a high-throughput system to process the large series
of samples necessary to reach statistical significance. The complex-
ity and high dynamic range of such biological samples (i.e. plasma,
serum, induced sputum, saliva) make the characterization of
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metabolites as well as endogenous peptides and proteins a chal-
lenging task. Moreover, the limitation regarding the dynamic
range of mass spectrometers makes the analysis of complex bodily
fluids such as plasma or serum difficult. Reducing the complexity
of clinical samples could be a possible way to overcome this
limitation. To this end, the assessment of new materials enabling
sample pre-fractionation, or sample pre-treatment before MS pro-
filing, could be of great benefit. Among the unconventional
methods, the use of nanoporous materials has recently captured
the attention of many research groups, because these systems can
directly interact and selectively capture biologically significant
subproteomes from complex clinical matrices. In this review we
will discuss a new emerging MS-profiling tool: mesoporous silica
(MPS)-assisted fractionation coupled to MALDI-TOF MS, high-
lighting its potentials, limitations and possible concerns in rela-
tion to drug and/or target discovery.

MS-profiling strategies for drug and/or target discovery
Proteomics provides a different approach from that of gene expres-
sion profiling, delivering a more direct method to biomarker
discovery. Proteomics tools can assess protein abundance, post-
translational modifications, localization and interactions with
other biomolecules. Therefore, proteomic biomarkers directly
reflect drug action on biological systems. However, owing to
the large dynamic range and the transient nature of protein
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MS-based approaches could be divided in two different groups in the area of
clinical drug discovery: high-throughput and low-throughput. High-
throughput strategies are mainly based on MALDI-TOF MS and SELDI-TOF MS,
whereas low-throughput strategies are referred to LC or 2D-GEL (2D-PAGE)
coupled to MS or MS/MS.

modifications and interactions, it is difficult to identify protein
biomarkers and develop stable biomarker assays [2].

Clinical proteomics comprises MS-based analytical tools that
can be used to: (i) discover biomarkers of disease, (ii) identify
therapeutic targets, and (iii) furnish diagnostic and prognostic
information that could eventually lead to treatment decisions [3].

MS-based profiling approaches, which are at the basis of clinical
proteomics, are largely dominated by two-dimensional-polyacry-
lamide gel electrophoresis (2D-PAGE; also known as 2D-GEL) or
liquid chromatography (LC), followed by MS or tandem MS (MS/
MS), and MALDI-TOF MS or its variant SELDI-TOF MS. Each of
these approaches offers unique advantages but also suffers from
several drawbacks. As shown in Fig. 1, the major technological
platforms used in proteomics have been divided into two main
categories: high and low throughput. In particular, the term ‘high
throughput’ is commonly used to describe MALDI-TOF or SELDI-
TOF MS biomarker discovery and it does not truly apply to 2D-
PAGE or LC coupled with MS analysis.

Low-throughput strategies

Protein analysis by 2D-PAGE or LC, followed by MS or MS/MS
analysis, is a labour-intensive and time-consuming process. 2D-
PAGE followed by MS or MS/MS is not suitable for full automation
and so it does not allow the rapid screening of a large number of
samples, which is one of the main requirements for large-scale
proteomics studies. LC coupled to MS/MS (LC-MS/MYS) [4,5] is a
powerful proteomics platform for the identification and the char-
acterization of novel protein biomarkers related to human dis-
eases. In this approach, complex protein mixtures are first digested
to the peptide level using a sequence-specific protease. The result-
ing peptides are separated by single- or multi-dimensional LC and
are then analysed by MS/MS. However, the huge number of
peptides resulting from enzymatic digestion increases sample
complexity, thus requiring separation in two or more chromato-
graphic dimensions before MS/MS analysis. This process is labor-
ious and time-consuming so, even with full automation, the LC-
MS/MS-based approach can only be applicable to a limited number
of samples. In fact, the identification of more than 1000 proteins
in a serum or plasma sample takes days per sample [6].

High-throughput strategies

MALDI-TOF MS is a fast and versatile method for analysing small
and large polypeptides contained in biological samples. Some
intrinsic properties of the technique include its tolerance toward
salts and buffers, high sensitivity and mass accuracy, low sample
consumption, spectral simplicity owing to singly charged ions and
minimal fragmentation because MALDI is a ‘soft’ ionization tech-
nique. Another advantage of MALDI-TOF is given by the possibi-
lity of obtaining high-resolution spectra of peaks by the use of
reflectron and delay time [7]. The possibility of obtaining high-
resolution spectra is an important feature, especially when a
complex mixture of peptides with similar molecular weights
(MWs), for example serum, plasma, urine, cerebrospinal fluid,
nipple aspirate, induced sputum, among others, is being analysed
for biomarker discovery. In MALDI-TOF analysis peptides are
analysed more efficiently compared with larger proteins, which
are difficult to ionize, therefore such peptidomic profiling studies
of bodily fluids or of clinical samples are more suitable than
protein profiling with MALDI. For tandem instruments, the pre-
sence of a second analyser, more commonly a second TOF
(MALDI-TOF/TOF), adds sequencing capability to MALDI-MS/
MS instruments, enabling more-specific peptide identification
than is obtained by simple peptide-mass fingerprinting in
MALDI-TOF MS [8].

As shown in Fig. 1, in a typical MS-based biomarker discovery
approach, according to high-throughput strategy, the MS-based
pattern recognition uses bioinformatics tools to compare MALDI
(or SELDI) profiles from diseased versus healthy individuals. Given
the large dataset generated by spectrum profiles, sophisticated
mathematical algorithms need to be applied to recognize biomar-
ker patterns suitable for distinguishing both classes. When the
pattern displays prominent differences between the diseased and
normal samples identification of individual discriminatory peaks
is performed by MALDI-MS/MS analysis [9]. In this case, only
relatively low MW peptides (3500-4000 Da) are easy to identify
using MALDI-MS/MS sequencing. Larger peptides and proteins,
however, are not yet directly identifiable and need to be partially
purified and identified using microscale protein purification and
in-gel digestion [10] or more-sophisticated mass spectrometers. An
important drawback is the limited dynamic range of protein
concentration detectable by MALDI-TOF MS (about two orders
of magnitude), consequently the detection of low-abundance
components in complex mixtures is a challenging task and
requires pre-analytical fractionation steps. Moreover, the applica-
tion of this technique to perform accurate quantitative analysis is
hampered by the poor reproducibility of signal intensities, show-
ing the need to standardize several variables that can affect the
results of protein profiling [11].

An emerging application of MALDI-TOF is ‘imaging MS’, which
enables the analysis of proteins and the determination of their
distribution directly in tissue sections [12]. Basically, a frozen
sample is sectioned, placed on the MALDI target plate, coated
with matrix and analysed according to profiling and imaging
protocols. In the profiling protocol discrete areas of tissue are
analysed and the resulting peptide and/or protein profiles are
subjected to biostatistical analysis to compare normal versus
tumour or control versus treated tissues. In the imaging protocol
an entire tissue section is analysed using an ordered array of spots,
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in which spectra are acquired at intervals that define the image
resolution. The intensities of all the signals are plotted as a func-
tion of their x, y co-ordinates, to obtain 2D ion intensity maps.
From the resulting images it is possible to assess protein localiza-
tion differences between and among samples rapidly [13]. Imaging
MS has proved to be useful for imaging of small molecules, such as
lipids and drug metabolites [14].

SELDI-TOF MS, is one of the most suitable approaches for
profiling low MW (<20 kDa) proteins and peptides. In fact, it
has been widely used in proteomics studies and, as result of its
high throughput, has become a promising tool in the search for
diagnostic patterns of disease [15-17]. Nevertheless, the method
suffers from several drawbacks that prevent its application as a
routine tool in clinical diagnostics [18]. The disadvantage of
SELDI-TOF MS in peptidomics experiments is that its resolution
is usually low (i.e. many peptides can exist within each ion peak so
that the ion peaks of interest cannot be directly assigned) [19].
Another weak point of the technique is the poor reproducibility,
within and between laboratories. In this regard, some efforts have
been made to establish standardized protocols between research
groups [20]. Moreover, SELDI-TOF instruments cannot directly
identify candidate biomarkers because they lack MS/MS capabil-
ities. Concerns also arise with the sensitivity of the technique and
the specificity of SELDI-discovered biomarkers. The main feature
of SELDI technology (i.e. the possibility of directly applying sam-
ples to the chip surface without preliminary treatments or fractio-
nation steps) could also be seen as a drawback when compared to
MALDI-TOF MS. In fact, in the MALDI-based approach, the sample
preparation step is uncoupled from the MALDI MS analysis,
enabling independent optimization of sample handling and the
use of various MALDI MS and MS/MS instrument platforms
[21,22].

Sample fractionation and/or preparation are crucial steps to
generate reproducible and high quality mass spectra, which are
essential prerequisites for successful proteomic pattern analysis.
Therefore, development of proteome fractionation approaches
that enable the acquisition of reproducible profiles and optimiza-
tion and/or standardization of sample preparations find a more
suitable interface with MALDI-TOF MS analysis.

Relevance of peptidome analysis and profiling

Sample fractionation and/or preparation not only help in gener-
ating reproducible and high quality mass spectra but also enable
the isolation of a particular subproteome: the peptidome. Indeed,
until recently, the peptidome was considered by the scientific
community simply as the pool of the proteolytically derivatized
peptide products that results from the action of active proteases,
with an informational content equivalent to biological ‘trash’ or
‘noise’. However, during the past five years, a novel concept has
been emerging, suggesting that the peptidome could instead be a
goldmine for the discovery of novel biomarkers [23,24].

In fact, four decades of research in biochemistry and molecular
biology demonstrated that proteases, by exploiting exquisitely
controlled cleavages at precise locations, participate in basically
every biological process: the most obvious examples are apoptosis,
cell-cycle progression and blood clot formation, but a fundamen-
tal part is also played by proteases in angiogenesis, morphogenesis
and tissue remodelling, neuronal outgrowth, differentiation and

migration, immunity, and cell proliferation [25]. Therefore, the
levels of the peptides present in bodily fluids and derived from
protein degradation can reflect the activity of the protease(s)
generating them, which could in turn be influenced by various
biological events. Thus, the levels of certain peptides can be used as
indirect sensors of the biological state of an individual and, in the
end, could provide invaluable information for clinical diagnoses
[26]. The rationale for such a biomarker discovery strategy stems
from the observation that the activity of several proteases is
regulated in different disease states, and this generates a difference
in the degradation pattern of the target proteins. As a conse-
quence, the pattern of peptides resulting from the degradation
process not only distinguishes between physiological and patho-
logical states but it could also be used to uncover details in the
pathological mechanisms, thus suggesting potential therapeutic
options [25]. For example, Villanueva et al. [27] described not only
cancer-specific but also cancer-type-specific peptide patterns and
were able to demonstrate a direct link between peptide marker
profiles of disease and differential protease activity. The patterns
thus identified might have clinical use as surrogate markers for
detection and classification of cancer [27]. As another example, we
recently demonstrated that a peptide with m/z 2918, most prob-
ably derived from proteolysis of a yet unidentified human basic
salivary proline-rich protein 2, is significantly downregulated in
induced sputum obtained from chronic obstructive pulmonary
disease (COPD) or asthma patients as compared with control
individuals [28]. It is intriguing that a peptide derived from a
protein most probably produced by the salivary glands is signifi-
cantly altered in a disease (such as COPD or asthma) that develops
mainly within the airways. One tempting speculation is that the
pathological state alters the expression and/or activation of one or
more protease(s) in the sputum; when sputum and saliva una-
voidably mix during sample collection [29] the altered protease(s)
determines the significant change in the levels of peptide 2918
that we detected.

The case described above is a good example of the potential
usefulness of the peptidome analysis and profiling compared with
protein profiling in respect to biomarker discovery. In fact, con-
trary to proteases or the progenitor protein, peptides are likely to
show better permeability between tissue and cell membranes
owing to their lower MW and their hydrophobicity patterns
[30]. Therefore, the likelihood of ‘fishing’ proteolytic fragments
in bodily fluids is expected to be significantly higher than it is for
the precursor proteins.

MPS-based profiling strategies

Among well established methods for sample preparation such as
classical solid phase extraction (SPE) [31] and magnetic beads (MB)
[32-34], new separation and/or fractionation platforms are based
on innovative application of traditional and novel materials for
selective capture of low MW peptides and polypeptides from
bodily fluids and tissues [28,35-53].

Among these new emerging material-based approaches we will
focus mainly on MPS [28,36,40-53].

Recently, researchers from Fudan University (Shanghai, China)
launched a new trend in proteomic analysis: reporting for the first
time the remarkable enrichment of low-abundance peptides and
proteins by the mean of zeolite nanocrystals (nanozeolites) for
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direct MALDI-TOF MS analysis [35]. In the simple protocol
described, the nanozeolites were incubated in a diluted solution
of standard peptides or peptide digests and, after centrifugation,
the peptide/nanozeolite pellets were rinsed with water and resus-
pended in acetonitrile and an aliquot of the slurry, mixed with
MALDI matrix, was directly analysed by MALDI-TOF MS. Owing to
the high adsorption capacity of the nanozeolites, after enrichment
peaks of all peptides became clearly apparent even at a peptide
concentration as low as 1 pg/ml. Additionally, also in the presence
of high salt concentrations, MALDI-TOF MS analysis revealed
stronger m/z signals with higher signal-to-noise ratios than those
enriched in the absence of salt.

With this approach, the group established the proof-of-concept
of the nanopore-assisted MS profiling. Owing to their small pore
size (<2 nm), nanozeolite pre-concentration was demonstrated to
be useful for small-sized peptide enrichment from diluted solu-
tions. The rational consequence of this pioneering work was to test
the efficiency of MPS with larger pore diameters in a range from 2
to 50 nm and with a higher surface area. The growing amount of
literature in this field [28,36,40-53] is a clear indication that MPS
constitute a more advantageous and suitable tool compared with
nanozeolite materials for such proteomic purposes, i.e. selectively
extracting endogenous peptides (the so-called peptidome or the
low proteome) from a complex biological matrix and then profil-
ing and analysing them with MS.

MPS materials constitute a new generation of materials that
show ordered arrangements of channels and cavities of different
geometry built up from SiO, unities [54]. The pore size is variable
(2nm < ®p < 50 nm) and can be controlled and modified, in a
reasonable range, using in situ [55] and ex situ [56] synthetic
strategies. Another important feature is the large surface area of
the pores, which accounts for up to 95% of the total surface of the
material [42]. MPS find many uses in catalysis, metal-ion extrac-
tion and optical applications. Moreover, silica particles with
highly ordered mesostructures, for example MCM-41 and SBA-
15, have been widely applied in the fields of separation and
adsorption [57,58]. Recently, the use of trypsin immobilized onto
MPS has captured the attention of many research groups, because
these systems can significantly speed-up protein digestion [S9].

MPS particles

In a pioneering study, our group explored a new application for
MPS by developing a strategy based on MPS MCM-41 (Table 1) in
combination with MALDI-TOF MS for profiling low MW plasma
peptides [36]. On the basis of a molecular cut-off mechanism, we
used MPS as sponges to capture peptides present in human bodily
fluids. By the means of controllable pore size and surface properties
(Table 1), MPS used in our first experiments were used to harvest
plasma peptides, excluding from the adsorptive processes large
and highly abundant proteins such as albumin and immunogo-
bulins [36]. Continuing our investigations on MPS, we have
recently developed a new MPS bead (MSB)-functionalized platform
for bodily fluid fractionation [43]. Here, the large surface area of
MPS is covered by a high concentration of silanol groups, which
causes the MPS to resemble a ‘forests of silanols’. So, starting with
the consideration that the selectivity of MPS might be finely tuned
by introducing chemical functional groups on the surface of MPS
materials (in our case SBA-15 material; Table 1), we grafted MSBs

with different functionalities such as aminopropyl, N-(2-ami-
noethyl)-3-aminopropyl, and N,N,N'tris(carboxymethyl)ethyle-
tris(carboxymethyl)ethylenediamine (Table 1). Depending on
the chemical functionality introduced on the mesoporous sur-
faces, we tested our new platform for resolving human plasma and
urine peptidome. A fine modulation of the peptidome repertoire
extracted from these specific bodily fluids was obtained, thus
providing rich, complementary and reproducible fingerprints,
which could be useful for biomarker discovery. In Fig. 2, the
workflow of the derivatized and the non-derivatized MSBs for
MALDI-TOF analysis of the plasma and urine peptidome is shown.
It is divided into four main steps: adsorption, separation, washing
and extraction. In the first step, a small amount of particles is
suspended in plasma or urine and left to act as a sponge. During
this step, only peptides and proteins with sizes smaller than or
comparable to the pore size are adsorbed into the mesochannels.
Moreover, given the specific chemical functionality present on the
mesoporous surface, the adsorption process will also be driven by
electrostatic interactions. After the incubation, the separation of
the beads from the supernatant occurs by gentle centrifugation, to
avoid diffusion and dispersion of adsorbed peptides. Afterwards, in
the washing step, salts and other contaminants, which can inter-
fere with MALDI-TOF MS analysis, are eliminated with aqueous
solution. In the final step, the peptides adsorbed onto MPS are
eluted directly with the matrix solution for MALDI-TOF.

To speed up the analysis and to circumvent the risk of sample
loss, we refined the previous protocol by direct spotting of the
MSB-loaded suspension (slurry) on the MALDI target plate [47]. A
significant enhancement in signal intensity as well as in the
number of peaks was detected in the new suspension procedure.
Inspection of sample morphology of the two different prepara-
tions on the MALDI plate by scanning electron microscopy (SEM)
correlated the shape of the crystals obtained (in particular the
surface-to-volume ratio) with the efficiency of the desorption/
ionization process.

We have demonstrated that our approach in combination with
MALDI-TOF technology is sensitive enough to detect plasma [36]
or urine [43] peptides in the low ng/ml range. Moreover, we proved
the robustness and the analytical reproducibility of our MSB
approach (~10% CV for plasma, urine and induced sputum pro-
files within and between run replicates). Additionally, the linearity
of the methodology was also demonstrated by the use of internal
standards, with a dilution series of standard peptides in human
plasma [36] and urine [43]. Functionalized MSBs can be readily
prepared by a simple and low-cost procedure; the protocol is fast
and easy to perform (Table 1) for processing bodily fluids before MS
analysis, thus minimizing the possible degradation of biological
samples. Overall robustness, reproducibility and linearity together
with high-throughput processing suggest that the mass spectral
readouts generated by this platform can be part of possible diag-
nostic profiles to detect significant differences between disease-
specific groups. We strongly believe that this platform could be
suitable for a discovery workflow of diagnostic patterns (see Fig. 3)
and preliminary biomarker discovery studies are in progress. To
this end, we have recently demonstrated the ability of this plat-
form to discriminate between the ‘sputome’ of patients with
asthma and COPD, and between the sputome of these groups
and that of healthy control subjects [28]. In this above mentioned
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TABLE 1
A comparison of mesoporous materials performances for proteome/peptidome profiling
MPS Pore size Surface MPS Biological sample Volume of Incub. Ref. ms?
(nm) area amount intact time (h)
(m?/g) (mg) sample (ul)
Sil A (MCM-41) 26 406 5 Human plasma 100 1 [36] MALDI-TOF
2 Human urine 125P 1 [43]
2 Human induc. sputum 15 1 [28]
Sil B (MCM-41) 2.7 848 5 Human plasma 100 1 [36] MALDI-TOF z
2 Human urine 125P 1 [43] l&l
2 Human induc. sputum 15 1 [28] g
SBA-15-APTES 43 273 5 Human plasma 100 1 [36] MALDI-TOF try
2 Human urine 125° 1 [43] 4
2 Human induc. sputum 15 1 [26] é
SBA-15-AAPTES 4.4 310 5 Human plasma 100 1 [36] MALDI-TOF '%
2 Human urine 125P 1 [43] &
2 Human induc. sputum 15 1 [28]
SBA-15-TED 7.0 171 5 Human plasma 100 1 [36] MALDI-TOF
2 Human urine 1200 1 [43]
2 Human induc. sputum 15 1 [28]
MCM-41 2.05 871 10 Human plasma 1000 2 [40] MALDI-TOF &
Human plasma pH 2.5 1000 2 [41] LC-MS/MS
MCM-41(0) 2.1 771 5 Mouse liver extract 200°¢ 2 MALDI-TOF &
SCX-MCM-41 4.2 460 5 Mouse liver extract 200°¢ 2 [42] LC-MS/MS
SAX-MCM-41 3.7 356 5 Mouse liver extract 200° 2
Alkyl-diol@SiO, 2.19 781 10 Human plasma 500 7 [44] MALDI-TOF
MCM-41¢
Alkyl-diol-vinyl 1.93 869 10 Human plasma 500 7 [46] MALDI-TOF
MCM-41¢
msc’ 20 - - Human serum 10 0.5 [45] MALDI-TOF
5.2 - - Human serum 10 0.5
74 - - Human serum 10 0.5
9.0 - - Human serum 10 0.5
msc’ 6.3 499 - Human serum 10 0.5 [48] MALDI-TOF
3.9 191 - Human serum 10 0.5
37 641 - Human serum 10 0.5
3.7 1131 - Human serum 10 0.5
Fe30,4-nSiO, 3.7 324 0.2 Human serum 20 1 [49] MALDI-TOF
-meso-hybrid-C8
Fe;0,@nSi0,@mSiO, 2.3 365 1.0 Rat brain extract 200° 1 [51] LC-MS/MS
C8-Fe;0,@mSiO, 3.5 162.5 0.2 Human serum 50 0.5 [52] MALDI-TOF
1.0 Mouse brain extract 400" 1 LC-MS/MS

#MS used for the analysis.

b 4-Fold concentrated human urine sample.

“Total protein concentration of 2.1 mg/ml.

9 Alkyl-diol is present onto the exterior surface.

¢ Alkyl-diol is present onto the exterior surface, vinyl group is present on the interior surface.
fMesoporous silica chip (MSC).

9Total protein concentration of 2.3 mg/ml.

" Total protein concentration of 1.1 mg/ml.

pilot study based on an MSB-MALDI-TOF/TOF MS approach, six
m/z peaks have emerged as potential diagnostic peptidic patterns,
able to differentiate these inflammatory airway diseases in the
sputome range. Human a-defensins (HNP1, HNP2 and HPN3) and
three C-terminal amidated peptides, one of which is phosphory-
lated on a serine residue, have been identified by MALDI-TOF/TOF
MS. These findings could contribute to defining a high-through-
put screening MS-based platform for monitoring key peptidic
biomarkers for inflammatory and chronic respiratory diseases in
induced sputum samples.

Recently, human plasma was successfully profiled by the
means of MPS MCM-41, characterized by a 2.0 nm pore size
and surface area of 871 m?/g (Table 1) [40]. A selective extraction
of plasma peptides in the range 1-12 kDa was obtained, as con-
firmed by MALDI-TOF MS analysis excluding high MW proteins.
The procedure adopted was similar to our previous protocol [36],
although a longer incubation time was adopted with a higher
ratio of plasma volume per mg of MPS (Table 1). Later, the
protocol was slightly modified by adjusting the pH of the plasma
sample to 2.5 [41]. Interestingly, by 2D nano-LC-MS/MS analysis,
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Workflow diagram of sample preparation with mesoporous silica beads (MSB). MSB are mixed with a clinical sample and shaken at room temperature for 1 h
(adsorption step). The suspension is centrifuged, MSB are separated from the supernatant (separation step) and washed with aqueous solution (washing step).
After the last wash, bound species are extracted and then analysed by MALDI-TOF MS.

1680 unique plasma peptides were identified in comparison with
988 identified with the previous protocol exploiting the native
state of human plasma. The authors speculated that at pH 2.5 the
ionization of silanols present on silica surfaces is suppressed,
whereas the hydrophobic interactions between peptides and
MPS inner walls increased, thus enhancing efficiency in plasma
peptide enrichment. Recently, the same group introduced -SO3H
and -NH; groups on MCM-41 nanoparticles, to provide strong
cation- and anion-exchange features [42]. In this case, the
authors tested the extraction efficiency of the new modified
MCM-41 substrate on mouse liver tissue. The same amount of
mouse liver extract was enriched by SCX-MCM-41 and SAX-
MCM-41 and the eluted peptides were identified by 1D reverse
phase (RP)-LC-MS/MS. The higher efficiency in peptide enrich-
ment was demonstrated for SCX-MCM-41 (198 unique peptides
identified) over that of SAX-MCM-41 (119 unique peptides iden-
tified). Most of the peptides enriched by SAX-MCM-41 are acidic

peptides. In another experiment, the previous protocol was
slightly modified replacing the unique step elution with a step-
wise elution. With this new refined procedure more peptides
were eluted in comparison with the previous method; in parti-
cular, more peptides were identified in the first two fractions for
SCX-MCM-41 (334 and 283 unique peptides) and in the last two
fractions for SAX-MCM-41 (116 and 156 unique peptides). More-
over, it is worth underlining that the data demonstrated the high
capacity of the MPS substrate for peptide enrichment from com-
plex biological samples, making this procedure suitable for large-
scale sample pre-fractionation followed by nano-LC-MS/MS ana-
lysis. Finally, in an additional experiment, the same mouse liver
extract was enriched in turn by SCX-MCM-41, SAX-MCM-41 and
MCM-41 (pore size 2.1 nm) and the enriched fractions were
analysed by 2D nano-LC-MS/MS: a total of 2721 unique peptides
were identified. The data reported in this study demonstrated
that MPS can be used not only to support MALDI-TOF profiling
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FIGURE 3

MSB-MALDI-TOF MS biomarker discovery workflow. Samples (normal versus diseased or untreated versus treated) are enriched into their low MW components
through MSB. The peptidome extracted is analysed as slurry to enable signal enhancement by MALDI-TOF MS. Acquired spectra by both populations are analysed
by discriminant analysis. The differentially expressed m/z peaks are identified by MALDI-TOF/TOF MS. The potential targets are subjected to target validation

(outside of the scope of this review).

studies but are also promising for an extensive large-scale pro-
teomic workflow based on MPS pre-fractionation of biological
samples followed by LC-MS/MS analysis.

An important issue in the MPS-mediated size-selective adsorp-
tion of peptides present in a biological sample, in which larger
proteins are highly abundant (plasma, serum, induced sputum,
saliva, among others), is the non-specific adsorption on the exter-
nal surface that might decrease the extracting selectivity and the
desorbing recovery. In fact, high MW proteins could block the
pore entrances. Interesting studies in this field that specifically
addressed the problem of non-specific surface sorption on the
outer surface of MPS were recently reported by Qi et al. [44,46].
First, they introduced alkyl-diol groups onto the exterior surface of
MCM-41 with the aim of reducing the undesired adsorption of
high MW proteins on the outer surface [44]. Later, they also
modified the inner surface of MCM-41, by grafting vinyl groups
which were found beneficial in reducing the irreversible protein
adsorption on silanols present in the interior surface [46]. In fact,
introducing these specific modifications, an improved selection of
low MW (<11 kDa) over high MW proteins from human plasma
was obtained in modified MCM-41 materials over the non-deri-
vatized MCM-41. Despite the long incubation time (i.e. 7 hours;
Table 1), which is a speed limitation in clinical proteomic analysis,
these preliminary data might be of great interest for the optimiza-
tion of such operative MPS platforms.

MPS chips

Exciting studies on the selective properties of MPS thin films
toward the serum peptidome have been recently published
[45,48]. Different MPS chips (MSC) were produced by the evapora-
tion-induced self-assembly procedure, in which the porosity, the
thickness and the pore alignment were precisely controlled at the
nano level. A rapid 3-step on-chip protocol was at the basis of this
strategy, aimed at enriching serum low MW components. In the
first step (incubation), a few pl of serum (Table 1) were spotted on
the chip surface; in the second step (washing), protein species
excluded by the pores were removed by washing; in the final step,
peptides harvested inside the pores were eluted and then analysed
by MALDI-TOF MS. First, the authors demonstrated the size-
dependent depletion of high MW proteins by using six kinds of
MSC with pore sizes from 2.0 to 11.7 nm. In a second set of
experiments, they found a differential and selective enrichment
of low MW species correlated with the pore sizes. Finally, the
enrichment efficiency was evaluated on human serum by compar-
ing, from MALDI spectra, the number of m/z peaks of serum low
MW proteins eluted from MSC. The number of peaks detected on
crude serum (i.e. 109) increased after fractionation on MSC. The
highest number of serum peaks (i.e. 225) was harvested by MSC
with a pore size of 7.6 nm and with 57.2% porosity, whereas the
lowest number (i.e. 167) was detected for MSC with 3.5 nm pore
size and with 53.9% porosity. MSC with pore sizes of 2 nm and
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11.7 nm were not used for serum experiments. Additionally, by
merging the spectrum from each MSC eluate a total of 365 non-
redundant peaks were detected [45]. In depth experiments were
also performed to assess the conservation and the long-term
stability of analytes harvested in the porous array of the MSC.
In fact, the MSC incubated with human serum and dried after
washing were stored for three weeks at room temperature. MALDI-
TOF MS spectral readouts of the protein and/or peptide species
eluted were similar to those of freshly fractionated serum. Through
further studies [48], the same authors investigated how the struc-
tural variation of the MSC might affect the selectivity and the
recovery of human serum low MW proteins. In particular, averages
0f 90, 89 and 75 peaks for 3D cubic, 3D honeycomb hexagonal and
2D hexagonal nanoscale morphologies were detected, respec-
tively, for the m/z range from 800 to 10 000. The higher recovery
efficiency for both 3D nanoporous morphologies was attributed by
the authors to the increased pore connectivity and the reduced
steric hindrance imposed on the diffusion of the peptides. Inter-
estingly, in this study the authors derivatized the chip surface with
amine, thiol, carboxyl and epoxy groups, demonstrating that
chemical functionalization of MSC by cationic and anionic groups
could provide a further increase of the specificity and the selec-
tivity of peptide enrichment. To this end, a solution of 26 standard
peptides and proteins with different MWs and isoelectric points
was used. However, experiments regarding the selectivity and/or
specificity of serum peptide enrichment by these derivatized MSC
have not been reported.

MPS microspheres

In conclusion, we wish to acknowledge recently published litera-
ture on hybrid magnetic MPS microspheres, rationally conceived
for the enrichment of peptides before the direct analysis by
MALDI-TOF MS [49-52]. Although several kinds of magnetic beads
are well established in proteomic workflow analysis [32-34], the
magnetic microspheres described in these studies have the new
feature of being surrounded by a MPS film, rendering them inno-
vative in the field of peptidomics. In particular, Sun et al. prepared
microspheres, in which a magnetic core (Fe304) was surrounded by
a middle nonporous silica layer, covered by an ordered mesopor-
ous hybrid outer layer functionalized with octyl hydrophobic
groups. Such microspheres, characterized by a surface area of
324 m?%/g with a pore diameter of ~3.7 nm and a pore volume
of 0.304 cm®/g, have shown good enrichment performance, espe-
cially for tryptic digests of rat cerebellum proteins and endogenous
peptides of crude human serum (see also Table 1). In this case, after
the enrichment, many peaks from MALDI-TOF MS were preferen-
tially detected in the m/z range from 1500 to 5000 [49].

Initially conceived as efficient adsorbents for removal of micro-
cystins [50], superparamagnetic microspheres, composed of an
Fe;04@nSiO, core and of a perpendicularly aligned mesoporous
SiO; shell (pore size: 2.3 nm; see also Table 1), have been recently
applied to large-scale enrichment of endogenous peptides in rat
brain extract [51]. Peptides eluted from these microspheres were
analysed by 1D nano-LC-electrospray ionization (ESI)-MS/MS
analysis. A total of 60 unique peptides were identified with a
MW up to 4500 Da; in particular, the majority of the peptides
identified with high confidence showed a MW in the range of
1200-2400 Da.

Very recently, Liu et al. prepared magnetic MPS microspheres
with C8-modified interior pore walls (C8-Fe;0,@mSiO,), with
mesopores of 3.49 nm and a surface area of 162.5 m?/g [52]. These
microspheres showed a better performance in extracting mouse
brain peptides when compared with those previously described,
enabling the identification of 267 peptides [52]. The presence of
C8 alkyl chains (responsible of hydrophobic interactions) and the
bigger pore diameters (see Table 1) probably form the basis of these
results.

From a brief analysis in terms of the number of peptides
extracted and of the MALDI-TOF spectral readouts reported in
the literature, our opinion is that the efficiency of the extraction
protocols based on the magnetic MPS microspheres is slightly
lower than that based on MPS particles. Because the studies
described above are preliminary, many other efforts are needed
to enhance the peptidic yield of these devices. It could be that the
capacity of the magnetic MPS microspheres can be improved
further by increasing the thickness of the mesoporous phase
and/or varying the textural properties of it. By contrast, the pro-
tocols based on magnetic microspheres described in this section
are quick and easy to perform: after the incubation with the
biological sample solution, the microspheres are separated from
the solution with the help of a magnetic field, then rinsed by water
and eluted. Therefore, magnetic MPS microspheres are convenient
microtools that offer the advantage of facilitating the separation
steps owing to their magnetic properties. Additionally, they are
more amenable to automation and miniaturization.

MPS-based profiling for phosphorylated peptides and
proteins

It is well known that phosphorylation is a post-translational
modification that has a key role in cellular signalling pathways,
molecular recognition, cellular metabolism, among others. [60].
The detection of phosphorylated peptides and/or proteins and the
identification of phosphorylation sites represent a challenging
task in proteomics, owing to their low abundance in complex
biological mixtures and their acidic nature [61]. Among the several
approaches proposed during the past few years, immobilized
metal-ion affinity chromatography (IMAC) [62-66] and metal
oxide affinity chromatography (MOAC) [67-72] seem to be power-
ful tools for selectively concentrating phosphopeptides and/or
phosphoproteins.

The use of mesoporous materials other than silica has also been
recently applied to the selective enrichment of phospopeptides
[70,73-76]. MPS also have been tested for phosphopeptide and/or
phosphoprotein enrichment [53]. In this study, Hu and co-workers
synthesized titanium(IV)-immobilized MPS particles to enrich
endogenous phosphopeptides from human serum selectively. In
particular, MPS MCM-41 particles were derivatized with titanium
phosphonate to ensure size-exclusion adsorption and also to
render them specific for phosphopeptides. Interestingly, the
authors investigated the expression difference between sera of
12 hepatocellular carcinoma (HCC) patients and 12 healthy indi-
viduals, by directly enriching the phosphopeptides from sera.
Comparison of MALDI-TOF profiles of enriched serum phospho-
peptides showed a different expression of phosphorylated frag-
ments degraded from fibrinogen protein between HCC patients
and healthy subjects. Four discriminatory serum phosphopeptides
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were then validated by the combination of isobaric tagging for
relative and absolute quantitation and MALDI-TOF/TOF MS [53].

Important issues in MPS extraction strategy

A crucial issue in assessing the efficiency of MPS as selective
adsorbents, particularly for trace or less abundant peptides (which
could be potential pathological biomarkers), is to prove that an
effective adsorption occurs inside the mesopore, with no leaching
and/or non-specific surface sorption on the outer surface of MPS. It
has been reported that, when the mesopore diameter is sufficiently
large to accommodate biomolecules, proteins penetrate into the
mesoporous networks, as well as being adsorbed onto the external
surface [77].

Another important point to consider when working with MPS is
the complexity of the biological sample. Therefore, different
experimental parameters (pH, incubation time, desorbing solu-
tion, among others) have to be varied to obtain the optimal
peptide recovery. In fact, for comparative profiling studies in
clinical proteomics more m/z features might be translated for a
higher probability of discovering a potential pattern of disease
biomarkers.

The rational derivatization of the MPS surface has a crucial role
in finely tuning the electrostatic interactions between biomole-
cules and MPS. Additionally, by the mean of appropriate func-
tional groups grafted on the surface of MPS, it is possible to address
the selectivity toward such post-translational modification (PTM),
as demonstrated by the above mentioned study by Hu et al. [S3].
Developing devices that enable selective isolation of low MW
peptides, in particular endogenous peptides with PTMs, before
MS analysis could accelerate the discovery rate of potential bio-
markers and drug targets. However, further investigation is needed
regarding this new emerging sample preparation strategy.
Although intriguing, the great majority of the described experi-
mental procedures based on MPS lacks in standardization and
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