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Abstract Matrix metalloproteinases (MMPs) are a family of
zinc-dependent endopeptidases. The main functions of these
metalloproteinases are the degradation of the stromal connec-
tive tissue and basement membrane components. Recent data
frommodel systems suggest that MMPs are involved in breast
cancer (BC) initiation, invasion, and metastasis. Particularly,
MMP-11 (stromelysin-3) is expressed in stromal fibroblasts
adjacent to epithelial tumor cells, and high levels of this me-
talloproteinase were associated with tumor progression and
poor prognosis of BC. Consequently, MMP-11 involved in
these processes can be a candidate as a new potential prog-
nostic biomarker in BC. Bioimaging techniques based on laser
ablation/desorption and mass spectrometry are rapidly grow-
ing in biology and medicine for studies of biological systems
to provide information of biomolecules (such as proteins, me-
tabolites, and lipids) and metals with lateral resolution at the
micrometer scale. In this study, matrix-assisted laser
desorption/ionization mass spectrometry imaging (MALDI-
MSI) has been used for the first time to investigate the distri-
bution of MMP-11 in human breast cancer tissues in order to

show a possible correlation between cancerous and healthy
samples, by differential proteomics and using such differences
for possible cancer diagnosis and/or prognosis. Additionally,
those human breast tissue samples were analyzed in parallel
by laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) in order to gather additional information
about the elemental distribution of Zn and its possible associ-
ations with MMPs.
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Introduction

Breast cancer is one of the leading causes of cancer death
among women worldwide. Clinical parameters, such as the
size of the primary tumor, the histological grade, classifica-
tion, and regional lymph node involvement, are generally use-
ful for prognosis [1]. The early detection of the disease is vital
for a successful patient treatment and supervision. In this
sense, the profile of biomarkers may provide a valuable in-
sight into the underlying mechanisms of disease progression,
thus aiding in understanding the prediction, cause, diagnosis,
progression, regression, and outcome of disease treatments
[2]. Thus, detection of cancer characteristic biomarkers in tis-
sue sections is essential for the identification and classification
of tumor cells and for the choice of the therapy. In the case of
breast cancer, estrogen receptor (ER), progesterone receptor
(PR), and oncogene Her-2/neu [3, 4] have been investigated as
possible biomarkers.

The number of studies on application and better under-
standing of traditional and new breast cancer biomarkers,
and prognostic factors, is continuously growing, and they
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might allow the early identification of individuals with a high
risk of breast cancer [5].

During the last years, breast cancer research has been fo-
cused on the study of concentration levels of trace elements
naturally present in breast tissues. Malignant breast tumor pre-
sents high levels of trace elements, so a change in trace ele-
ment levels in tissue might be a useful and significant new tool
for cancer prevention, diagnosis, and treatment [6]. In this
vein, essential elements such as Ca, Fe, Cu, and Zn are be-
lieved to play key roles, since they are responsible for a great
number of metabolic and biological processes. In fact, related
to the increased metabolism rates on tumors, trace elements
have been shown to appear in altered concentrations in cancer
tissues [7]. Therefore, the aforementioned concentration levels
of elements could be used as potential breast cancer
biomarkers.

The role of trace elements in breast cancer is complex,
since many types of molecules, cells, and tissues are affected
[8]. Zinc, in particular, is a trace element which is vital for
numerous cellular processes, particularly the cell growth,
playing an important role in cancer etiology and outcome.
Moreover, Zn is a cofactor of the extracellular matrix metal-
loproteinases (MMPs), a family of 28 zinc-dependent endo-
peptidases, which are involved in the degradation of the ex-
tracellular matrix, facilitating the breakdown of the basal
membrane and/or matrix connective tissue components [9].
This mechanism is associated with a facilitated proliferation,
and therefore, the stage of tumor progression is positively
correlated with the expression of MMPs in many cases. Eiró
et al. and Vizoso et al. identified subgroups of tumors showing
a highmolecular profile ofMMP/TIMP expression by stromal
cells, both at the tumor center and at the invasive front, which
were strongly associated with a higher prevalence of distant
metastasis [10, 11]. Particularly, MMP-11 expression by
mononuclear inflammatory cells (MICs) coupled with the ex-
pression of pro-inflammatory proteins support tumor escape
and invasion, hence promoting metastasis [12]. Thus, MMP-
11 expression levels should be included into traditional clas-
sification schemes to provide new prognostic and predictive
tools to clinicians [13]. Therefore, the combination of epide-
miological, analytical, and biological studies becomes in-
creasingly relevant for the investigation of the role of Zn
and/or MMP-11 in the promotion and/or maintenance of the
tumor.

On the other hand, the application of bioimaging tech-
niques based on laser ablation or desorption coupled to MS
is rapidly growing in biology and medicine to provide infor-
mation of key biomolecules (such as proteins, metabolites,
and lipids) [14–17] and metals [18–20] with lateral resolution
at the micrometer scale. Such techniques constitute today an
important potential tool to study the differential distribution of
metals (e.g., Zn) and proteins (e.g., MMP-11) in healthy and
breast cancer tissue samples. Therefore, valuable

complementary information regarding the role, uptake, trans-
port, and storage of Zn and MMP-11 and their associations
with irregular protein abnormalities can be obtained using a
combination of elemental and molecular MS-based imaging
techniques.

In this work, two complementary molecular and elemental
imaging methods, combining spatially resolved information
from matrix-assisted laser desorption/ionization mass spec-
trometry imaging (MALDI-MSI) and from laser ablation in-
ductively coupled plasma mass spectrometry (LA-ICP-MS),
were developed and applied to human breast tissue samples.
The observed elemental andmolecular spatial distributions are
correlated, and they are comparedwith the histological aspects
observed for the same breast tissues in an attempt to investi-
gate possible biological implications derived from results
coming from a combination of elemental and molecular im-
aging information.

Experimental

Materials and reagents

All chemicals were used in the highest quality available.
Water was purified by an Aquatron Water Still purification
system model A4000D (Barloworld Scientific, Nemours
Cedex, France). Rhodium standard solution (1000 mg L−1)
was purchased from SCP Science (Baie-D’Urfé, Canada).
Trypsin used for tryptic digestion and α-cyano-4-
hydroxycinnamic acid (CHCA) used as a matrix were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). All gases
used for ICP-MS and LA analysis (argon and helium, each
99.999% purity) were obtained fromWestfalen AG (Münster,
Germany).

Patients’ characteristics and tissue sectioning

This study comprised four women with a histologically con-
firmed diagnosis of early invasive breast cancer of a ductal
type (histological grade 2). Figure 1 shows histological im-
ages from the healthy and tumor tissue samples. In the tumoral
tissue (Fig. 1b), cancer cells can be distinguished from stromal
cells. Cancer cells are large cells with large nuclei arranged
forming either an acinar or trabecular pattern, whereas stromal
cells are spread. In the normal tissue (Fig. 1a), no large cell
with large nuclei compatible with cancer cells can be
observed.

Frozen human breast tissue samples (non-tumoral and
tumoral, from the same patients) were provided by the
Biobanco Central de Asturias (Asturias, Spain) and were
stored at −20 °C prior to sectioning. Tissue without tumor
corresponds to surgical margins (at least 2 cm away from the
tumor). Healthy and tumor sections (20 μm thickness) were
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prepared using a Cryotome (CryoStar NX70, Thermo
Scientific, Bremen, Germany) held at −20 °C. Tissue slices
were thaw mounted onto glass slides for LA-ICP-MS

measurements, and for MALDI-MSI measurements, conduc-
tive indium tin oxide (ITO) glass slides (Sigma-Aldrich) were
used. Parallel sections from the same tissue sample were

a bNormal tissue Tumor tissueFig. 1 Histological images
obtained from a healthy tissue (a)
and a tumor tissue (b)

Table 1 Tryptic digestion
protocols investigated Protocol Trypsin concentration (g L−1) Solvent Incubation time Temperature (°C)

1 0.1 50 mM ammonium
bicarbonate, pH 8

Overnight Room T

2 0.1 50 mM ammonium
bicarbonate, pH 8

Overnight 37

3 0.1 50 mM ammonium
bicarbonate, pH 8

24 h Room T

4 0.1 50 mM ammonium
bicarbonate, pH 8

24 h 37

5 0.1 Bi-distilled water Overnight Room T

6 0.1 Bi-distilled water Overnight 37

7 0.1 Bi-distilled water 24 h Room T

8 0.1 Bi-distilled water 24 h 37

9 0.5 50 mM ammonium
bicarbonate, pH 8

Overnight Room T

10 0.5 50 mM ammonium
bicarbonate, pH 8

Overnight 37

11 0.5 50 mM ammonium
bicarbonate, pH 8

24 h Room T

12 0.5 50 mM ammonium
bicarbonate, pH 8

24 h 37

13 0.5 Bi-distilled water Overnight Room T

14 0.5 Bi-distilled water Overnight 37

15 0.5 Bi-distilled water 24 h Room T

16 0.5 Bi-distilled water 24 h 37

17 1.0 50 mM ammonium
bicarbonate, pH 8

Overnight Room T

18 1.0 50 mM ammonium
bicarbonate, pH 8

Overnight 37

19 1.0 50 mM ammonium
bicarbonate, pH 8

24 h Room T

20 1.0 50 mM ammonium
bicarbonate, pH 8

24 h 37

21 1.0 Bi-distilled water Overnight Room T

22 1.0 Bi-distilled water Overnight 37

23 1.0 Bi-distilled water 24 h Room T

24 1.0 Bi-distilled water 24 h 37
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analyzed by LA-ICP-MS and MALDI-MS techniques for
eventual comparisons of the images observed.

In situ tryptic digestion

A tryptic digestion was done directly onto the tissue. As a
result, the identification and distribution of this protein had
to be achieved by its peptide fingerprint.

Different tryptic digestion protocols were investigated
[21–24], and the parameters to be optimized were the follow-
ing and are summarized in Table 1: enzyme concentration
(0.1–1 g L−1 trypsin), solvent (ammonium bicarbonate or wa-
ter), incubation time (overnight, 24 h), as well as the temper-
ature at which the enzymatic reaction would take place (room
temperature or 37 °C). Finally, the following conditions
turned out to possess optimal properties, in terms of better
protein fragmentation, getting the signals of corresponding
peptides and higher intensities: 1 g L−1 trypsin (Sigma-
Aldrich) in bi-distilled water was sprayed three times using
an airbrush (Harder & Steenbeck, Germany) (20 psi) onto the
tissue and then incubated at 37 °C for 24 h. Between the
consecutive sprays, the tissue was completely dried.

MALDI matrix deposition

The MALDI matrix was applied to the digested samples by
sublimation onto the sample. In this case, CHCA appeared to
have optimal properties to ionize target peptides and was
therefore selected in all experiments as a matrix. The matrix
was applied using an iMLayer (Shimadzu, Kyoto, Japan)
(600 mg CHCA, 20 min, 250 °C, 5 × 10−2 Pa). This matrix
vapor deposition system facilities a controlled matrix deposi-
tion with adjusted homogeneous thickness for reproducible
sample preparation.

Instrumentation

LA-ICP-MS experiments were carried out using a CETAC
LSX-213 laser ablation system (Teledyne CETAC
Technologies, Omaha, NE, USA) working at a wavelength
of 213 nm and were hyphenated to an Agilent 7500ce ICP-
MS (Agilent Technologies, Santa Clara, USA). Helium was
used as the carrier gas. The LA-ICP-MS system was tuned for
maximum sensitivity prior to each experiment using the ref-
erence material NIST 612 trace elements in glass. The ICP-
MS was also tuned to minimize the formation of oxides by
monitoring the oxide ratio (232Th16O+/232Th+,m/z 248:232) as
well as the doubly charge ratio (137Ba++/137Ba+, m/z
68.5:137.0). A value of less than 1% for these ratios indicated
that the derived signals from potential matrix-based polyatom-
ic interferences were negligible. Furthermore, natural isotopic
abundance ratios were monitored to confirm the absence of
interfering polyatomic species.

Imaging measurements were performed by multiple line
scan ablation of frozen breast tissue sections (line per line)
using a spot diameter of 25 μm and no space distance between
adjacent lines. A rhodium standard, introduced via liquid sam-
ple introduction and merged with the aerosol from the ablation
chamber, was used as the internal standard in order to com-
pensate plasma fluctuations and surveil plasma stability.
Typical operational parameters are summarized in Table 2.

Table 2 Operating conditions for the ICP-MS and laser ablation
systems

Agilent 7500

RF power 1500 W

Ar makeup gas 0.9 L min−1

Isotopes 64Zn, 66Zn, and 103Rh

Acquisition time 0.1 s (64Zn and66Zn) and 0.05 s (103Rh)

CETAC LSX-213 laser ablation system

Laser wavelength 213 nm

Pulse energy 100% (5.6 mJ)

Repetition rate 20 Hz

Spot size 25 μm

Scan speed 100 μm s−1

Carrier gas flow rate 0.8 L min−1 He
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Fig. 2 Distribution of Zn in a frozen breast tumor tissue by LA-ICP-MS.
(a) Normal breast tissue. (b) Breast cancer tumor tissue
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MALDI-MSI experiments were performed using an
iMScope TRIO (Shimadzu, Kyoto, Japan), consisting of a
mass microscope equipped with an atmospheric pressure
ion-source chamber for matrix-assisted laser desorption/
ionization (AP-MALDI) and a quadrupole ion trap time-of-
flight (QIT-TOF) mass analyzer. The optical microscope com-
bined with the mass spectrometer permitted the precise deter-
mination of relevant tissue region prior to performing mass
spectrometry imaging (MSI). The instrument is also equipped
with an ultraviolet laser (355 nm) that allows to achieve high
spatial resolution down to 5 μm.

Tissue sections were analyzed in the positive ion mode.
The optimized operative conditions of the instrument are
listed below and were used for all subsequent measurements
of the healthy as well as the tumor tissue samples: mass
range =m/z 600–1600, shots = 100, accumulation = 1, sample
voltage = 3.5 kV, detector voltage = 1.90 kV, laser spot
size = 25 μm, and pixels = 50 μm × 50 μm. For 2D MSI

analysis and overlay of images, data were visualized using
Imaging MS Solution software (Shimadzu).

MALDI-MSI data were searched using the MASCOTsoft-
ware against the SwissProt database and were based on the
MOWSE algorithm. Within the MASCOT search engine, the
enzyme selected was trypsin and experimental ion peptide
tolerance was set to ±1 Da. The criteria also included that
one missed cleavage was allowed in order to account for in-
complete digestion.

Results and discussion

Elemental distribution of Zn by LA-ICP-MS

Human breast tissue samples were analyzed by LA-ICP-MS
in order to provide information about possible differential
spatial distribution of Zn in healthy and tumor samples.

a

b

Fig. 3 Mass spectra obtained by MALDI-MSI from a healthy breast tissue (a) and breast cancer tissue (b) (m/z range = 600–1600). The red lines
correspond to the characteristic peptides of the MMP-11
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Breast samples were prepared as described before and ablated
line per line using a focused laser beam. Figure 2 shows the
observed Zn distributions of healthy and cancer tissue samples
of a selected patient. A rather homogeneous Zn distribution
was observed in the healthy tissue (Fig. 2a). In contrast, Fig.
2b shows that Zn distribution in the tumor sample presents hot
spots where the amount of Zn is higher than that in the rest of
the analyzed tissue. The recent work done in our laboratory
[25] demonstrated that not only do normal and malignant tis-
sue types differ in zinc concentration but also within individ-
ual patients, and cancerous breast cells tend to accumulate
four times more than non-cancerous breast cells (17.8 ± 3.4
and 4.7 ± 1.2 μg g−1, respectively). It should be stressed here
that increased Zn levels were also found and reported in other
studies using X-ray analytical techniques [26, 27]. Several
comparative studies have provided evidence that altered zinc
homeostasis occurs in breast cancer. In vivo studies showed
that the growth of mammary carcinomas is suppressed follow-
ing zinc depletion in humans [28]. Cellular zinc status pro-
foundly affects cellular health and has numerous roles in can-
cer initiation, progression, termination, and potentially, pre-
vention. The zinc acquisition of breast cancer suggests the
potential for this mineral’s involvement, and perhaps require-
ment, for breast malignancy. The interaction between zinc
status, zinc transporter expression, and immune function is
interwoven with cellular signaling pathways providing multi-
ple mechanisms for the role of zinc in cancer. Although the
role of Zn is not yet well clarified in the literature, the observed

increased Zn levels in tumor tissues may be associated with
structural and metabolic aspects derived from tumor develop-
ment. These changes in the Zn levels, associated to cancer,
have the potential to provide a novel early biomarker for
breast cancer.

Distribution of MMP-11 by means of MALDI-MSI

Using the optimized condit ions described in the
BExperimental^ section, the differential protein analysis of
healthy and tumor breast tissue samples was carried out by
means of MALDI-MSI. Mass spectra from healthy and tumor
tissue samples were obtained directly from the in situ
tryptically digested breast tissue sections (see Fig. 3) under
study. Figure 3a shows the obtained spectra of a healthy breast
tissue sample. Since a tryptic digestion was performed, protein
identification can be carried out through the peptide finger-
print using a database. A comparatively high number of
MMP-11-specific peptides were experimentally observed, as
compared with those theoretically expected (from the data-
base) for that protein. Figure 3b shows the spectra obtained
byMALDI-MSI for the tumor tissue (the analysis of the tumor
sample was conducted under identical conditions). The pep-
tides that belong to the protein of interest (MMP-11) are se-
lected and then introduced in the MASCOTsoftware to assign
the found peptide fragments to the target protein.

Comparing the two obtainedmass spectra from healthy and
tumor samples, it can be seen in Fig. 3 that the tumor sample

Table 3 Peptides obtained from
the in situ digested MMP-11 and
the sequence coverage value from
healthy and tumor breast tissue
samples

m/z theoretical m/z observed (healthy) m/z observed (tumor) Missed cleavages Sequence

605,329 605,298 605,270 0 FDPVK
609,340 609,353 609,294 0 LYWK
639,289 639,353 639,352 0 DYWR
648,310 n.d.a 648,183 0 ATDWR
735,394 n.d.a 735,285 0 AGFVWR
735,415 735,570 735,432 0 FVLSGGR
744,379 744,403 744,398 0 FHPSTR
745,403 745,433 745,403 0 IYFFR
768,389 768,572 768,528 0 TDLTYR
769,420 769,586 769,458 0 VDSPVRR
789,425 789,445 789,465 0 ALEGFPR
804,411 804,551 804,410 1 RATDWR
822,432 n.d.a 822,528 1 GRLYWK
832,493 832,456 832,456 1 FDPVKVK
852,411 852,709 852,491 1 GRDYWR
891,460 n.d.a 891,453 0 QTMAEALK
900,480 900,773 900,746 1 FHPSTRR
925,521 925,755 925,753 1 VDSPVPRR
1,004,579 1,004,597 1,004,551 1 AGFVWRLR
1,016,589 1,016,575 1,016,609 1 VKALEGFPR
1,051,524 1,051,576 1,051,570 0 ADIMIDFAR
1150,,658 1,150,743 1,150,739 1 TDLTYRILR
1,211,606 1,211,688 1,211,687 1 WEKTDLTYR
1,364,649 1,364,790 1,364,788 1 DYWRFHPSTR
1,450,784 1,450,834 1,450,832 0 FPVHAALVWGPEK
Coverage % 18 20

aNon-detected peptides
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presents more fragmentation as well as higher signal intensi-
ties. This can be due to the higher abundances of the corre-
sponding proteins in the tumor tissue. Table 3 shows the the-
oretical and the observed masses of the peptides belonging to
the digested MMP-11, which were detected in both healthy
and tumor tissue samples (21 and 25 peptides, respectively).
These peptides covered the 18 and 20% of the total amino acid
sequence of MMP-11 found in healthy and tumor tissue sam-
ples, respectively. As can be seen in the case of tumor tissue
(third column in Table 3), higher correlations between

observed and theoretical peptides (from the database) were
achieved, as well as higher protein sequence coverage. The
protein coverage visualizes the mapping of supporting pep-
tides to the target protein.

Two parallel sections (1 and 2) from the tumor tissue were
then analyzed, and the results were converted into images. The
found m/z and their respective intensities were measured over
the entire sample and were assigned in a heat map (see Fig. 4).
Figure 4a (1 and 2) shows the distribution of protonated [M+
H]+ ion derived from the proteolytic fragments of MMP-11 at

Section 1

Section 2

Min Max

[M+H]+ m/z = 768.5

[M+H]+ m/z = 768.5

a1

a

b

a2

MALDI-MSI 
(Peptides Signal)

OPTICAL IMAGE

Min Max

[M+H]+ = 768.5+789.6+822.5 [M+H]+ m/z = 768.5 [M+H]+ m/z = 789.5 [M+H]+ m/z = 822.5

Min MaxMin MaxMin Max

b1 b2

Fig. 4 MALDI images generated, from two parallel sections of a tumor
tissue, from a found characteristic peptide of the MMP-11 (m/z 768.5 (a),
1 and 2). MALDI images from a tumor tissue, generated from three

specific peptide signals belonging to MMP-11 (m/z 768.5, 786.6, and
822.5 (b), 1) and overlay signals of these peptides from MMP-11 (m/z
768.5 + 789.6 + 822.5 (b), 2)
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m/z 768.5. As can be seen, in both sections, the highly abun-
dant MMP-11 peptides were detected predominantly in one
specific area of the tumor sample. Moreover, the reproducibil-
ity of the sample treatment and the MALDI technique is dem-
onstrated. Also that, although several parallel cuts are made in
the tissue, the tumor preserves its structure.

The distributions of three protonated ions characteristic
from the MMP-11 are shown in Fig. 4b as well as the corre-
sponding overlapping image of these three MMP-11 peptides
at m/z 768.5 + 789.6 + 822.5. As can be seen, all MMP-11
peptides appeared gathering in a specific zone, indicating an
increased abundance of this protein in the tumor region. This
study shows that the level of MMP-11 was significantly
higher in breast cancer tissue than in healthy one. These results
are consistent with reports indicating that MMPs are
overexpressed in breast cancer and suggesting that the detec-
tion of concentrations of MMP proteins might be useful in
distinguishing between benign and malignant breast diseases,
as they could be associated with pathologic parameters in
breast cancer patients [29, 30]. So, MMP-11 might become a
potential prognostic marker as well as a therapeutic target for
BC patients.

Comparative elemental and molecular results

The observed elevated Zn levels can be associated with an
overexpression of the MMP-11 (see Fig. 5), but of course,
they may be due to other Zn-containing enzymes/proteins in
the investigated cancer tissue.

In any case, the results from the two complementary
(elemental and molecular) imaging techniques tend to
confirm that the occurrence of Zn and MMP-11 is cor-
related: this can be observed in Fig. 5, where the

distribution of Zn within the tumor section obtained
from LA-ICP-MS matched well with the localization
of the MMP-11 peptide signals obtained by MALDI-
MS analysis for the two parallel sections of the ana-
lyzed breast cancer tissue. In other words, hot spots of
Zn occur in the area where maximum intensity of
MMP-11 is detected. Thus, complementary imaging in-
formation (obtained by elemental and molecular MS
techniques of the same samples) has proved useful to
correlate Zn levels in the tissue with overexpression of
MMP-11, even if the selectivity of measuring MMP-11
via elemental Zn levels by ICP-MS is still debatable.

Conclusions

In this study, a methodology for the analysis of the potential
tumor biomarker MMP-11 in tissue samples was developed (it
has been shown that overexpression of this protein is associ-
ated with the occurrence of tumor). Initially, different in situ
trypsin digestion protocols were applied and optimized (to
select the better conditions) to be then applied to in situ diges-
tion of the MMP-11 protein in healthy and tumor breast tissue
samples. It has to be emphasized that the methodology used
here of a spraying system for the in situ application of the
digestion solution enables to maintain the integrity of the tis-
sue as well as the native distribution of the proteins. The re-
corded m/z was finally compared with theoretical data for the
targeted protein from the database. By this in situ bottom-up
approach, it was possible to assign with spatial resolution the
observed specific peptides to their original protein MMP-11.
This proceeding is particularly interesting when certain pro-
teins are not easily accessible by conventional MALDI-MSI

LA-ICP-MS MALDI-MSIOptical Image

Zn distribution MMP-11 distribution

Overlay signal

Zn distribution (red)

MMP-11 distribution (green)

Correlation signal (yellow)

Fig. 5 Comparative images obtained from the same frozen breast tumor
tissue by LA-ICP-MS (Zn distribution) and MALDI-MSI (MMP-11
distribution) techniques and the overlay image obtained from the Zn

and MMP-11 images (red signal corresponds to Zn distribution, green
signal corresponds to MMP-11 distribution, and the correlation between
them is shown in yellow)
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(e.g., high mass proteins). It was demonstrated that MMP-11
was not homogeneously distributed and showed higher abun-
dances in specific areas of the investigated tissue.
Furthermore, higher MMP-11 levels were found in the tumor
tissue compared to the healthy one, indicating an altered me-
tabolism and so pointing to MMP-11 as a possible candidate
biomarker for breast cancer. Since the protein MMP-11 con-
tains Zn, elemental mapping of the metal by means of LA-
ICP-MS was attempted in parallel and images results were
compared eventually to those from MALDI-MSI. Images in
Fig. 5 show that Zn distribution correlates with the observed
abundance of the target protein, MMP-11, indicating that Zn
measurement could offer an indirect, more robust, and sensi-
tive method for MMP-11 determination [31].

Yet, it should be emphasized that elemental imaging via
ICP-MS alone might not be sufficient to trace the MMP-11
distribution, since many different enzymes (and metabolic
processes) are reliant upon Zn as a cofactor and the required
specificity for the Zn-MMP-11 cannot be secured by direct
LA-ICP-MS measurements. However, the observed correla-
tion between LA-ICP-MS and MALDI-MSI images in Fig. 5
warrants further investigations in the search for in situ com-
bined elemental and molecular information of breast cancer
tissues. Moreover, by resorting to in situ labeling of MMP-11
(e.g., using bi-functional reagents containing the protein se-
lective antibody bound tometal nanoparticles [32]), extremely
sensitive and selective ICP-MS imaging methods can be en-
visaged for MMP-11.
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