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Abstract

Abstract

Matrix metalloproteinases (MMPs) have attracted considerable attention in recent years because of
their involvement in numerous pathological conditions, such as cancer and AIDS. In particular, Matrilysin
(MMP-7) is an indicator of salivary gland cancer and is believed to contribute to invasive growth and
metastasis of colon carcinoma and numerous other human cancers. The diagnosis techniques available
today are not always suitable due to the need of sophisticated, bulky instrumentation and trained
personnel. There is thus a great need for easy to use, rapid, specific and sensitive assays that allow

detection of MMPs at clinically relevant concentrations for diagnostics.

The aim of this project is the production of a simple, cheap and remote kit for fast detection of cancer at
its earliest stages and for remote field-testing in resource limited countries. A fluorometric and a
colorimetric approach are described in this thesis: both exploiting the catalytic activity that MMPs have

on peptide hydrolysis.

The colorimetric assay takes advantage of the plasmonic properties of gold nanoparticles. The particles
are stabilized with a synthetic polypeptide, hydrolysis of the immobilized peptide by MMP-7 decreases
its size and net charge, drastically reducing the colloidal stability of the suspension: the nanoparticles
aggregate extensively upon exposure to MMP-7 resulting in a distinct concentration dependent

Localized Surface Plasmon Resonance (LSPR) shift, sufficiently large to be detected by naked eye.

The fluorometric assay exploits the Forster Resonance Energy Transfer (FRET): a synthetic peptide
sequence, labelled with a fluorophore and a quencher is immobilized on particles. Upon MMP-7
exposure, hydrolysis of the peptide cleaves the fluorophore tagged fragment in the solution, distancing
it from the quencher and resulting in emission of light by fluorescence that can be detected by naked

eye under UV light. This enables a quantitative monitoring of the protease activity.

The responses are obtained at clinically relevant concentrations in buffer and show promising activity in

clinical sample matrices, thus going towards an application in early diagnosis of the disease.
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Sommario

Le metalloproteasi (MMPs) hanno attratto una considerevole attenzione negli ultimi anni a causa del loro
ruolo in numerose patologie, come cancro e AIDS. In particolare, la matrilisina (MMP-7) & un indicatore
di tumore alle ghiandole salivari e si ritiene che contribuisca alla crescita invasiva e formazione di metastasi
del carcinoma del colon e numerosi altri cancri. Le tecniche di diagnosi disponibili al giorno d’oggi non
sono sempre adeguate, data la necessita di macchinari ingombranti, costosi e personale addestrato. Vi e

quindi grande richiesta di test rapidi per identificare la MMP-7 a concentrazioni clinicamente rilevanti.

Lo scopo di questo progetto e la produzione di un kit semplice ed economico per effettuare diagnosi
P q prog p P p g
precoci e per condurre test anche in paesi con risorse limitate. In questa tesi vengono descritte due

strategie per 'identificazione delle MMPs, sfruttando la loro attivita catalitica sull'idrolisi di peptidi.

Il primo approccio sfrutta le proprieta plasmoniche delle nanoparticelle di oro. Le particelle vengono
stabilizzate con un polipeptide sintetico, I'idrolisi di questo peptide causato dall’esposizione a MMP-7
riduce la sua dimensione e carica netta, destabilizzando drasticamente la soluzione colloidale e causando
Iaggregazione delle nanoparticelle. Le proprieta ottiche delle nanoparticelle cambiano a causa della
risonanza plasmonica di superficie, risultando in un cambio di colore della soluzione da rosso a blu visibile

ad occhio nudo.

Il secondo biosensore & fluorimetrico: sfruttando il trasferimento di energia per risonanza e possibile
individuare la proteasi usando un peptide marcato con un fluoroforo e un fluorocromo. L'idrolisi del
peptide, immobilizzato su nanoparticelle, causa il rilascio in soluzione del frammento contenente il
fluoroforo, risultando in un distanziamento dal fluorocromo e in una emissione di luce per fluorescenza

quando illuminato con luce UV.

E stato possibile individuare matrilisina a concentrazioni rilevanti clinicamente in soluzioni tampone,
mostrando inoltre una sensibilita promettente in campioni di plasma, avvicinandosi quindi all’applicazione

del test per la diagnosi precoce di queste patologie.
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Chapter 1: Introduction

1.1 Background and Significance

Cancer is a large group of diseases involving abnormal cell growth, starting in almost any tissue or organ

and potentially spreading to other parts of the body [1].

A tumour is termed malignant, and therefore cancerous, when it acquires the ability to invade and destroy
normal tissues. For invasion and metastasis to occur, the tumour cell must bypass a matrix barrier which
holds normal cells in place. This is permitted by producing enzymes that destroy the barrier, allowing the
tumour to invade surrounding tissues and metastasize to distant organs, passing through blood vessels

and lymph nodes [2].

Matrix metalloproteinases are the perfect candidates for this role: when activated, they are collectively
capable of degrading all the component of the extracellular matrix (ECM) and many other proteins,
influencing tumour cells growth and their invasive behaviour [3]. In fact, active MMPs are upregulated
in almost all cell tumour cells, correlating their expression to different stages of tumour progression and

can serve as biomarkers for an assay to achieve early diagnosis [2].

Cancer is the second leading cause of death after heart disease: in 2018, an estimated 9.6 million people
have died from cancer, with the most common cancers being lung, breast, colorectal and prostate cancer,
according to the data published by WHO [4]. These numbers are continuously growing, contrarily to the

decreasing trend of deaths by heart disease in the recent years [5].

As reported by WHO, cancer’s survivability is significantly improved by detecting cancer early and

promptly starting the treatment process, also leading to less expensive therapies.

Nowadays, early detections are achieved by promptly recognising symptoms of cancers or by population
screening: tests capable to detect abnormalities suggestive of a specific cancer or pre-cancer are carried
out on individuals who have not developed any symptoms. Example of these are colonoscopy,
mammography, pap test, breast MRI and many others. The major available methods are costly and

invasive, moreover, they require sophisticated and bulky equipment, which, at the same time, need
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trained personnel and are time consuming. For this reason, they are rarely available in the public sector
in low-income countries [4]. Therefore, there is great need for point of care assay capable to assist in the
early diagnosis of these pathologies, characterized by low cost, fast response, while being highly selective
and sensitive. In the recent years, many different biomarkers were individuated for cancer diagnostics:
specific antigens (such as PSA), micro-RNA (miRNA), circulatory DNA [6] and matrix
metalloproteases [2]. Many approaches were developed to detect cancer biomarkers such as matrix
metalloproteinases at clinically relevant concentrations, including gel electrophoresis [7, 8], enzyme-
linked immunosorbent assay (ELISA) [9], mass-spectroscopy and other optical methods [10], but these
often require sophisticated instrumentation, trained personnel or tedious standard procedures. As a
consequence, most of these diagnostic assays are not yet suitable for countries that are resource

constrained, and with few trained technicians.

Point of care tests (POCT) are rapid detections assay that require small sample volumes and limited
resources. These tests show good correlation with laboratory experiments and are therefore highly
reliable [11]. The most common POCT are paper based: they are cost effective and easy to use, enabling
diagnosis in resource limited settings. However, paper based assay sensitivity greatly depends on the
properties of the materials involved in their manufacturing and on the complexity of the clinical samples
employed: they often show very low sensitivity in clinical sample matrices such as saliva, blood or urine,
and therefore require expensive, time consuming extraction or sample clean up before reaching a

sufficient sensitivity, which has to be carried out by trained personnel.

Colorimetric assays have attracted significant attention due to their quick visual response that does not
require sophisticated instrumentation to be detected, usually allowing detection by naked eye [12]. In
recent years, many materials have been developed for transformation of the detection events into colour
changes, these include gold nanoparticles [13], fluorophores [14], dyes [15], quantum dots, magnetic
nanoparticles, carbon nanotubes, and conjugated polymers [16] and many others. Gold nanoparticles are
particularly interesting for their plasmonic properties, such as Localized Surface Plasmon Resonance
(LSPRY): as described in Chapter 2 they have a particularly strong absorption band in the visible range,

which gives colloidal solution of small gold nanoparticles a strong ruby red coloration, which slightly varies
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when exposed to different surroundings. Interestingly, the aggregation of AuNPs can induce a LSPR
shift, resulting in a change in colour from red to blue, easily visible by naked eye. For these reasons,

AuNPs have been widely used for colorimetric biosensing.

Another interesting class of materials used in biosensing is fluorophore molecules, especially in the FRET
(Forster, or Fluorescence, Resonance Energy Transfer) setup. FRET biosensors include a combination
fluorophore (donor) and a quencher or fluorophore (acceptor), when the first gets excited, its energy is
transferred to the second by a non-radiative dipole-dipole interaction, resulting in a dispersion of the
excited state by heat or by light emission at the characteristic emission wavelength of the acceptor. Once
the two molecules are distanced, the excitation of the donor molecules results in the emission of light at
its the emission wavelength, without interaction with the acceptor. Thus, if the exposure to a biomarker

(such as MMPs) leads to this distancing, it’s concentration can easily be detected by a fluorescence signal

[17,18].

The previously described interaction between MMPs and proteins can be exploited for biosensing. Matrix
metalloproteinases can be used as biomarkers since they also cleave peptide sequences in specific sites
by proteolysis [19]. Peptides are sequences of amino acids that can be synthesized by the condensation
reaction of the carboxyl group and amino group of two amino acids, therefore, synthetic peptides can be

produced with specific recognition sites for different MMPs [20].

This thesis focuses on the development of a colorimetric assay for matrix metalloproteinases, exploiting

their interaction with peptides, combined with the optical properties of nanoparticles and fluorophores.

1.2 Hypothesis

A point of care assay utilizing peptide functionalized nanoparticles can be developed for the visual
detection of Matrilysin (MMP-7) activity at clinically relevant concentrations, minimizing sample
handling and preparation. Peptides can be utilized for selective detection of matrix metalloproteinases.
They can be combined with particles or other reporter molecules to give colorimetric response when

cleaved.
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Gold nanoparticles optical properties have been extensively used, both for POC tests [21] and food
quality tests [22]. AuNPs can effectively translate the peptide interaction with proteases to an optical
signal through an induced aggregation, causing a concentration dependent localized surface plasmon
resonance (LSPR) shift [23]: the nanoparticles can be tailored with peptides bearing negative particles,
rendering the colloidal solution highly stable, once these come in contact with active matrix
metalloproteinases, the molecules cleavage reduces the charges kept on the particle surface, inducing
aggregation and a colour change that can be clearly detected by naked eye. Moreover, the metal
nanoparticles’ composition can be varied in order to obtain a colour change more easily detectable by

human eye.

Peptides can also be labelled with other reporter molecules such as dyes or fluorophores. FRET (Forster
resonance energy transfer) peptides, including a fluorophore and a quencher, can be exploited to produce
an alternative functional assay. In this case, distancing between the acceptor and donor molecules is
induced by the peptide cleavage, leading to the interruption of the energy transfer by dipole-dipole

interaction between the two and resulting in fluorescence emission when exposed to UV light [24].

1.3 Objective

Cancerous tumour cells produce matrix metalloproteinases to destroy the extracellular matrix that keeps
normal cells confined. When active, these proteases contribute to cell growth and invasion to other
tissues, also by entering the bloodstream and reaching organs in other parts of the body. For this reason,
active MMPs are significantly upregulated in the case of cancerous cells [2] and can be used as

biomarkers for an early diagnosis.

The overall objective of this thesis is to produce a simple and easy to use functional assay, capable of
assisting in the early detection of cancer, through the quantitative detection of active MMP-7 in saliva

or plasma, also giving an indication of the cancer stage depending on their concentration [3].
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1.4 Scope

The final scope of this project it to finally develop a functional assay capable of detecting the activity of
MMPs, associated to pathologies like cancer, AIDS and inflammation. This assay should allow to carry
the detection with minimal sample handling and in short times, without the need for particularly trained
personnel or sophisticated instruments. This is essential for early diagnosis of cancers and to increase

survivability in resource-limited countries.
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Chapter 2: Literature Review

2.1  Cancer

Cancer, or malignant tumour, is a large group of diseases that can affect any part of the body. It involves
rapid creation of abnormal cells which can invade surrounding tissues or metastasize in other parts of the
body, surviving even after being detached from the extracellular matrix (ECM) [25]. Metastasis are the

major cause of death from cancer, accounting for about 90% of them [26].

Cancer burden in terms of incidence and death is continuously increasing: an estimated 10 million new
cases and 6 million deaths were estimated globally in 2000 [27], which have increased to an estimated
18.1 million new cases and 9.6 million deaths in 2018 [4] and are estimated to increase to 29.5 million by
2040 [28]. Nowadays, T over 6 deaths in the world is due to cancer. Most of these deaths (approximately

70%) occur in resource-limited countries, due to absence of early detection and of access to treatments.

Only 5-10% of all cancer cases can be attributed to genetics, whereas the remaining 90-95% are caused
by environmental (sun exposure, pollutants, infections) and lifestyle (alcohol, tobacco, diet, physical
inactivity) aspects [5]. Smoking, alcohol use, overweight and obesity were the most important causes of
cancer [29]. This is confirmed by Figure 2.1, which shows that areas where these lifestyles are more

common, like Europe and North America, have the highest number of cancer cases per inhabitant.

ASR (World) per 100 000
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Figure 2.1: Estimated age-standardized incidence rates (World) in 2018, all cancers, both sexes, ages 0-74. [30]
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However, death rates by cancer show a different situation (Figure 2.2): in the developed world, health
care can provide everyone appropriate and timely care to patients, reducing mortality from cancer,
whereas low to middle income countries usually do not have public and easy access to these treatments.
Therefore, the cancer mortality rates increase drastically in resource-limited countries with respect to
the incidence rates, with the main causes of death by cancer being smoking, alcohol use, and low fruit
and vegetable intake. Moreover, infections due to papilloma virus is a leading risk factor for cervical

cancer for cervical cancer for women in these countries [29].

ASR (World) per 100 000

2896
74.6-89.6
I 673-746

58.7-67.3 I notapplicable
<58.7 No data

Figure 2.2: Estimated age-standardized mortality rates (World) in 2018, all cancers, both sexes, ages 0-74. [30]

In conclusion, more than one in every three of the 7 million deaths from cancer worldwide is caused by
potentially modifiable risk factors, with smoking and alcohol use having particularly important roles in
both high-income and low-and-middle-income countries. The importance of early diagnosis and
adequate treatments is highlighted by the difference in incidence and deaths rates between developed
countries and resource-limited ones, there is therefore great need for cheap, easy to use, selective and
sensitive point of care tests capable of detecting cancer even in absence of sophisticated and expensive

instrumentation.
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2.2 Biomarkers

Biomarkers are molecules indicating a physiologic state that change during a disease process [31]. They
are therefore considered useful tools in providing early detections of diseases and their progression,
providing at the same time ease of detection [32]. Potential biomarkers are identified based on the

biology of the tumours and its surrounding environment [33].

A series of potential biomarkers, which can be found in different samples, has been identified in the last

years, as reported in Figure 2.3:
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Figure 2.3: Schematic illustration of various biomarkers as targets for cancer detection with the biosensors

methodology. [34]

As already mentioned, matrix metalloproteinases, which fall into the enzyme category in Figure 2.3, are
produced by tumour cells and contribute to their growth and invasion. For this reason, they are
upregulated in many cancerous cells, blood and serums and can serve as biomarkers for cancer detection

and tumour stage determination [35].

2.2.1  Matrix Metalloproteinases

Matrix metalloproteinases are a group of 24 proteases [3] which have attracted considerable attention

in recent years because of their large influence on cell behaviour: they are typically found in low levels,
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but these grow in case of different pathological conditions, such as, inflammation, AIDS and cancer [36,

37,38]

The MMPs are capable of digesting various components of the extracellular matrix and many other
proteins, influencing cell growth and permitting invasion to the surrounding tissues, entry and exit from

blood vessels and metastasize in distant organs.

A tumour is termed malignant when it acquires the ability to invade and destroy normal tissues. For
invasion and metastasis to occur, the tumour cell must bypass the basement membrane. The basement
membrane contains an extracellular matrix (ECM) composed of structural components such as
collagens, proteoglycans and glycoproteins, [2, 39] which holds normal cells in place and must be
degraded in order for tissues to change their form or function. Matrix metalloproteinases are particularly
important for matrix degradation, in fact, excess matrix degradation is an indicator of cancer and an
important contributor for the process of tumour progression [40]. For this reason, MMP levels affect
the behaviour of tumour cells and their ability to metastasize, correlating their expression to different

stages of tumour progression [3].

During invasion, the tumour cell penetrates the basement membranes around the cell, then, cleaving
other non-matrix proteins, reaches blood vasculature, which are also surrounded by the basement
membrane and enters the blood stream, or the lymphatic vessels (Figure 2.4). The process of entering
the blood stream is named intravasation, while extravasation is the reverse process: the tumour cell
crosses through the basement membrane once again and leaves the blood circulation, if it is able to

survive in the new environment, metastases are formed in a distant site [2].
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Figure 2.4: Stages of tumour progression. Initiation occurs when a single cell becomes modified to exhibit a growth
advantage over the surrounding tissue, which, at some point, requires neovascularization to supply nutrients for further
growth. As the tumour becomes malignant, it acquires the ability to invade the surrounding normal tissue. Intravasation
occurs when tumour cells cross the basement membrane and enter the circulation. Following the tumour cells’ survival in

the circulation, extravasation occurs when the tumour cells leave the circulation and penetrate the host tissue.

Metastasis occurs if the tumour cells can establish and grow at this secondary site. [2]

During the process of tumour progression, there are many ways in which cell behaviour is affected by

matrix metalloproteinases, through matrix and non-matrix protein cleavage.

Cell proliferation is often regulated by the interaction of a growth-suppressive factor with its cell-surface
receptor. Proteolysis of matrix proteins associated to this factor results in the solubilization of the latter,

enhancing cell growth [41].
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MMPs can also play a role in cell migration. This process requires coordinated regulation of cell-cell
attachments, cell-matrix attachments and matrix remodelling: matrix metalloproteases affect cell-
matrix and cell-cell adhesion by removing sites of adhesion or exposing them by cleavage of substrates.
Moreover, cell migration is often initiated as a response to a chemotactic stimulus, which can be

generated by MMPs in various systems [42].

In conclusion, it is interesting to note that these proteases show selectivity [43]: an individual MMP is
able to degrade a limited subset of matrix proteins, therefore, matrix metalloproteinases play a complex
role in tumour progression: the latter is the result of the combination of multiple MMPs, each playing a

specific role [2].

MMPs general domain structure is shown below (Figure 2.5). The molecule can be divided into different

domains, given their different roles.
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Figure 2.5: MMP domain structures. There are three domain structures common to all MMPs: a pre-domain, which
targets the MMP for extracellular secretion; a pro-domain, which maintains the MMP in an inactive state and whose
removal is required for activation of the enzyme; and a catalytic domain, which contains the enzymatic core. Most
MMPs also contain a hemopexin domain, which assists in substrate and inhibitor binding. Other domain structures
provide regions for: alternative cleavage for activation of the MMP; transmembrane localization; or substrate

recognition. [2]

T Pre-domain: targets the protease for extracellular secretion

1 Pro-domain: keeps the matrix metalloproteinase inactive. Once this domain gets cleaved, the

MMP will be active

1
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1 Catalytic domain: has the protein-degrading ability and includes a site for the metal ion
necessary for its activity. This domain is therefore responsible for proteolysis, both on proteins
and peptides

7 Other domain structures: offer the possibility for substrate recognition, transmembrane

localization and alternative cleavage for MMP activation

Besides the important role in tumour growth and invasion, matrix metalloproteinases can also contribute
to wound repair [44], cell death [45] and intracellular communication, especially during inflammatory

responses [46].

2.2.2  Matrilysin
Matrix metalloproteinases are classified on the basis of their additional protein domains that contribute
to their individual characteristics. The active form of Matrilysin for example (MMP-7) only contains the
catalytic domain, lacking every other protein domain and both pre-domain and pro-domain since it has

been activated.

MMPs expression show a large degree of heterogeneity across different cancer types. Figure 2.6 reports
the differential gene expressions of 24 different matrix metalloproteinases found in different tumour
tissues, with respect to control tissues. Differential gene expression is directly related to protease

production since it is the process converting DNA instructions into a final functional product [47].
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Figure 2.6: Differential gene expression of 24 matrix metalloproteinases (MMPs) in 15 different cancer types. Fold
change and p-values shown were obtained through comparison of unmatched control tissue (N between 11 and 114) to
tumour tissue (N between 66 and 1097). Fold change was calculated as the median expression of a gene in tumour

divided by the median gene expression in adjacent normal tissue. [48]

Matrilysin (MMP-7) have high gene expression fold change in case of Colon adenocarcinoma (COAD),
Esophageal Cancer (ESCA), Head and Neck Cancer (HNSC), Stomach Adenocarcinoma (STAD) and
Thyroid Cancer (THCA), and it is therefore a perfect biomarker candidate for these types of cancer,
especially for colon cancer. In fact, MMP-7 is closely associated with some prime factors in tumour
genesis of colon cancer [48] and is believed to contribute to invasive growth and metastasis of colon

carcinoma and numerous other human cancers [49, 50, 51].

2.3 Current Status of Analytical Techniques

The detection of matrix metalloproteinases has been studied with several analytical methods, such as
enzyme immunoassays, western blotting, zymography, mass spectrometry and other optical methods
[10]. These techniques are capable of detecting MMPs and their activity, however, they generally require

sophisticated instrumentations, long incubation times and trained personnel.

2.3.1  Enzyme Immunoassays
Enzyme-linked immunosorbent assay (ELISA) is a plate-based assay technique designed for detecting

and quantifying various types of biomarkers, including MMPs. In ELISA, an antigen must be immobilized
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to a solid surface and then complexed with an antibody that is linked to an enzyme. Detection is
accomplished by assessing the conjugated enzyme activity via incubation with a substrate to produce a

measurable product. Different strategies were developed for the detection step:

Substrate
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Figure 2.7: Schematic representation of ELISA detection methods: (A) direct ELISA, (B) indirect ELISA, (C) sandwich
ELISA. [52]

1 Direct ELISA, Figure 2.7 (A): the antigen immobilized on the surface is detected by an antibody
that is directly linked to an enzyme.

1 Indirect ELISA, Figure 2.7 (B): the detection of the coated antigen is detected in two stages.
An unlabelled primary antibody, specific for the antigen, is applied, then a secondary antibody,
which is labelled with an enzyme, is added and bound to the first antibody.

T Sandwich ELISA, Figure 2.7 (C): first “capture” antibody is coated to the surface, then, the
sample solution is added, and the antigen is immobilized on the antibody layer. A second
“detection” antibody is added in order to measure the concentration of the sample.

1 Competitive ELISA: The sample and enzyme conjugated recombinant protein (the competing
molecule) are added to the wells coated with a capture antibody. The amount of enzyme
conjugated molecule in each well is constant, therefore the concentration of sample molecule
will determine the binding ratio of enzyme conjugated molecule vs. sample molecule. After an
incubation period, any unbound antibody is washed off. The enzyme substrate is added to each

wall and an amount of yellow precipitate (maximum absorbance at 450nm) is created
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proportionally to the amount of enzyme in the well. The absorbance is then studied to determine

the amount of sample molecule present in the wells.

In general, ELISA does not offer the possibility to distinguish between active and latent forms of MMPs
[53]. Moreover, methods like indirect ELISA may be sensitive to cross-reactivity with the secondary
antibody, resulting in nonspecific signal. Sandwich or competitive ELISA offer more sensitivity [54], but

the multiple steps involved when carried out makes them time consuming assays.

2.3.2 Western Blotting

Western blotting goes a step forward with respect to ELISA: the sample first undergoes electrophoresis,
separating the molecules by size, then, the separated molecules are transferred to a solid support,
maintaining their position. The coated support is then exposed to a primary antibody and a secondary

antibody, similarly to what is done in indirect ELISA [55].

This technique offers the possibility of separating molecules by size, allowing to distinguish false positives
from specific signals. However, this technique is still not able to distinguish between active and inactive
MMPs, since no substrate cleavage is involved for the analysed protease. Moreover, this assaying is
characterized by multiple steps with varying incubation times, that have to be performed by trained

personnel.

2.3.3 Zymography
Similarly to Western blotting, zymography exploits electrophoresis to distinguish matrix
metalloproteinases by their molecular weight. The MMPs are separated by electrophoresis while inactive
(in the presence of sodium dodecyl sulphate, SDS) in a polyacrylamide gel that contains a specific
substrate for the analysed MMP. After electrophoresis, the gel is washed to remove SDS, following which
the MMPs partially recovers its activity. The gel is blue, therefore the MMPs are visible as clear bands

against the blue substrate in the background and can be measured by densitometry [56].

Zymography can be carried out both in situ or on substrate, allowing detection both in serums and on

tissues. This technique is capable of distinguishing active MMPs from ProMMPs (inactive since Pro-
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domain is still present), even if both get activated, because of their different molecular weight. However,
it is not able to distinguish between matrix metalloproteases and MMPs complexed with their inhibitor
(TIMP-MMP complexes) which are inactive in the human body but gets separated by SDS and therefore
activated, once the latter is removed [57]. Other main limitations of these technique are the long
incubation times and the possible interferences of other MMPs. Moreover, the activity of some

proteases is much more difficult to detect in clinical samples matrices like plasma [58].

2.3.4 Mass Spectrometry
Mass spectrometry permits identification of MMPs based on their activity: using site—directed probes
to report on the functional state of enzymes in complex biological systems. Activity-based protein
profiling (ABPP) probes have been shown to selectively label active enzymes but not their inactive
precursor or inhibitor complexes [59]. The specific digestion of proteins by proteases releases digested

products that can be then analysed by liquid chromatography mass spectroscopy (LC-MS) [60, 61].

Also MALDI (Matrix-Assisted Laser Desorption/lonization)-TOF (Time of Flight) Mass Spectrometry
can be used to detect the activity of MMPs [62]. A peptide including a recognition site for the studied
protease is deposited on a microplate. The peptide is then exposed to the MMP and the plate analysed
through MALDI-TOF MS. This technique evaporates the solution and ionizes its molecules, which are
driven towards a detector by an electric field. The molecular weight of the ionized species is calculated
considering the time of flight needed for the molecules to reach the detector after desorption from the
surface. In this way, it is possible to identify the peptide and also the two peptide fragments (all with
known MW) obtained after hydrolysis by the enzyme, confirming the molecules cleavage and the

protease activity.

These techniques can be very precise but are very time consuming and require sophisticated and

expensive instrumentation, that must be run by trained personnel in laboratories.
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