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ABSTRACT 

We present a novel activity-based detection strategy for matrix metalloproteinase 2 (MMP2), a critical 

cancer protease biomarker, leveraging a mechanism responsive to the proteolytic activity of MMP2 

and its integration with CRISPR-Cas12a-assisted signal amplification. We designed a chemical 

translator comprising two functional units — a peptide and a peptide nucleic acid (PNA) — fused 

together. The peptide presents the substrate of MMP2, while the PNA serves as a nucleic acid output 

for subsequent processing. This chemical translator was immobilized on micrometric magnetic beads 

as a physical support for an activity-based assay. We incorporated into our design a single-stranded 

DNA partially hybridized with the PNA sequence and bearing a region complementary to the RNA 

guide of CRISPR-Cas12a. The target-induced nuclease activity of Cas12a results in the degradation 
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of FRET-labeled DNA reporters and amplified fluorescence signal, enabling detection of MMP2 in 

the low picomolar range, showing a limit of detection of 72 pg/mL. This study provides new design 

principles for a broader applicability of CRISPR-Cas-based biosensing. 

 

Activity-based diagnostics are emerging sensing technologies that leverage the enzymatic activity of 

a protein to generate measurable outputs.1 Unlike conventional immunoassays, these diagnostics offer 

unique advantages, including direct measurement of enzyme activity, specific substrate recognition, 

and real-time monitoring.2,3 Beyond merely indicating the presence of a target protein, activity-based 

diagnostics can provide insights into its active biological state.4 One specific area of interest for 

activity-based sensing is the detection and quantification of human proteases, a crucial class of 

hydrolytic enzymes responsible for degrading proteins, activating zymogens, and regulating 

numerous biological processes.5–7 Among these, matrix metalloproteinases (MMPs), a family of zinc-

dependent proteases capable of degrading extracellular matrix components, have garnered significant 

attention due to their potential as drug targets and biomarkers for cancer diagnosis.8–10 In cancer, 

MMPs play a critical role in promoting invasion and metastasis, and their dysregulated expression 

profile serves as a distinctive trait of different tumours.11–13 The activity-based quantification of 

specific MMPs can be achieved using fluorogenic peptide substrates. Typically, these peptides are 

labelled with a fluorophore/quencher pair, and a fluorescence signal is generated upon MMP-

mediated hydrolytic cleavage.14 Various classes of probes for this purpose are commercially available. 

However, these exhibit certain limitations, such as relatively high background signals and an inability 

to manipulate the output signal or integrate with signal amplification processes, which limits their 

sensitivity.15,16 To address these challenges and enhance sensitivity, activity-based mechanisms have 

been combined with various optical and electrochemical assays, often leveraging nanomaterials to 

obtain amplification of the output signal.17–23 Recently, innovative approaches involving nucleic acid-

based amplification processes have emerged, which hold promise for advancing activity-based 
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protein detection through DNA nanotechnology.24–26 One exceptionally powerful tool in nucleic acid 

diagnostics is signal amplification based on programmable single-stranded DNA (ssDNA) aspecific 

cleavage by preactivated CRISPR-Cas12a.27–30 When the collateral cleavage of CRISPR-Cas12a is 

activated in the presence of  FRET-labeled DNA reporters, a substantial signal amplification can be 

obtained, enabling ultrasensitive detection of the nucleic acid target.31 To date, only a limited number 

of CRISPR-Cas-based sensing methods have been reported for the detection of targets such as 

proteins and small molecules, as this necessitates the development of non-trivial strategies for 

converting a non-nucleic acid target into a nucleic acid-based input for CRISPR-Cas activation.27,32,33 

The primary objective of our study was to explore a novel and straightforward avenue for integrating 

CRISPR-Cas12a amplification into a protease activity-based assay, thereby introducing a new 

modality for nucleic acid-based processing of protein inputs. We specifically focused on MMP2, a 

critical protease biomarker that has a fundamental role in various types of cancer, where its 

dysregulated expression is implicated in tumor advancement, invasion, metastasis, and 

angiogenesis.34–37 To achieve the conversion of MMP2 enzymatic activity into a synthetic nucleic 

acid-based input for CRISPR-Cas12a, we designed a chemical translator that incorporates a peptide 

and a peptide nucleic acid (PNA) unit. The peptide unit presents the sequence specifically processed 

by MMP2, while the PNA unit facilitates the conversion of peptide cleavage into a nucleic acid output. 

This translator was anchored to magnetic microbeads (MBs), which serve as physical supports in the 

design of the activity-based assay. Hybridized with the PNA unit is a specific ssDNA sequence 

carrying a free region complementary to the CRISPR RNA (crRNA) of the CRISPR Cas12a system. 

This ssDNA serves as an activator of CRISPR-Cas12a. Upon MMP2 enzymatic cleavage, the nucleic 

acid portion (composed by a shortened peptide-PNA conjugate and by the DNA partially hybridized to 

it) is released, and the free DNA single strand segment can activate CRISPR-Cas12a, initiating the 

degradation of rationally designed hairpin DNA reporters labeled with a fluorophore/quencher pair. 

This process generates an amplified fluorescence signal enabling the quantification of MMP2 in the 

low picomolar range (Figure 1). 
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Figure 1. Schematic illustration of the proposed MMP2 activity-based detection method, leveraging a 

synthetic protein-to-DNA input exchange. A peptide-PNA chemical translator is used to convert MMP2 

enzymatic activity into an input for CRISPR-Cas12a-based signal amplification.  

We designed our chemical translator as a peptide-PNA conjugate where the peptide unit presents the 

specific substrate sequence of MMP2. We selected the sequence Gly-Pro-Leu-Gly-Val-Arg-Gly, 

which is reported to be specifically recognized by MMP2 and undergo hydrolytic cleavage of the 

peptide bond between the Gly-Val residues.38 The PNA unit directly fused with the above peptide is 

a linear arbitrary 10-nt-long sequence (Figure 2a). Using a PNA sequence as the nucleic acid 

component of the translator enables specific economic and technological advantages. First, it is 

possible to synthesize the entire translator in a single round of solid phase synthesis harnessing 

conventional peptide chemistry, allowing for greatly reduced costs when compared to the 

synthesis/purchase of peptide-DNA hybrids. Second, given the exceptional stability of PNA:DNA 

duplexes39,40, a relatively short PNA sequence can be used as an anchor for hybridization with the 

CRISPR-Cas12a target ssDNA. This facilitates synthesis and minimizes the length of the duplex 

region in the fragment of the translator serving as the new input for CRISPR-Cas12a (Figure 1), 

therefore limiting possible steric hindrance effects. In addition, we included an azide group on the 5’-

end of the translator to enable click chemistry for the immobilization of the probe on a solid support 
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(Figure 2a). The peptide-PNA translator was synthesized using conventional FMOC-based solid 

phase chemistry, purified via HPLC and its identity confirmed using mass spectrometry (see 

Supporting Information, Material and Methods, and Figure S1, S2). To validate the functionality of 

our synthetic probe as a substrate for MMP2, we demonstrated hydrolysis of the peptide unit at the 

anticipated cleavage site. After incubating the translator and the protease together, we analyzed the 

reaction products by means of HPLC-ESI-HRMS (Figure 2b, c). As shown in Figure 2c, one peak in 

the chromatogram corresponded to the unreacted translator, which was used in large excess in this 

experiment, and the other two main peaks could be associated to the two expected fragments 

generating from hydrolytic cleavage of the peptide unit, thus confirming that the peptide-PNA 

translator can effectively serve as a synthetic substrate for MMP2 (Figure 2c). 
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Figure 2. Design of the peptide-PNA chemical translator and HPLC-HRMS analysis of protease 

cleavage products. (a) Illustration of the molecular design of the chemical translator, reporting the 

aminoacidic sequence of the peptide unit and the nucleobase sequence of the PNA unit. An azide 

group is conjugated to the 5’-end of the probe to enable click chemistry for anchoring to solid 

supports. A fluorescent version of the translator was obtained by conjugating 5(6)-Carboxy-

tetramethylrhodamine (TAMRA) to additional lysine residue present at the 3’-end. (b) Schematic 

representation of the MMP2-mediated enzymatic cleavage of the chemical translator (red circle-line 

probe), highlighting the cleavage site and the formation of two reaction products, a small peptide 

fragment (blue circles) and a larger fragment containing the PNA unit (orange circles + orange line). 

(c) HPLC-ESI-HRMS chromatogram of the chemical translator after incubation with MMP2 (24 h, 

37 °C, [MMP2]:[translator] 1:10). The three main peaks correspond to the to the PNA-containing 

fragment (rt 13.25 min, m/z = 528.7370 [M+6H]6+, 634.2828 [M+5H]5+, 792.6016 [M+4H]4+, 

1056.4669 [M+3H]3+ orange box), to unreacted molecular translator present in large excess in the 

reaction mixture (rt 16.42 min, m/z = 620.9489 [M+6H]6+, 744.9370 [M+5H]5+, 930.6689 [M+4H]4+ 

red box), and to the peptide fragment (rt 21.45 min, m/z = 571.2845 [M+H]+, 593.2655 [M+Na]+ blue 

box). 

We resorted to magnetic beads as solid platforms for physical anchoring of the chemical translator. 

This enables the isolation of the cleaved PNA-containing fragment, serving as a nucleic acid-based 

input for further signal elaboration. We employed micrometer-sized magnetic beads functionalized 

with amine groups on their surfaces. We chose to covalently immobilize the translator onto the beads 

through a copper-free strain-promoted alkyne-azide cycloaddition (SPAAC) reaction, which has the 

advantage of being orthogonal to all the other reactive groups in the peptide-PNA sequence. To do 

so, we first transformed the amine groups on the bead surface into SPAAC-reactive cyclooctyne 

groups by reacting them with dibenzocyclooctyne-N-hydroxysuccunimidyl ester (DBCO-NHS) (Fig. 

3a). Zeta potential measurements of the changes in the net surface charge of the magnetic beads after 
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treatment with different concentrations of DBCO-NHS were used to study and optimize the 

functionalization reaction (Figure S3). We then explored the most advantageous conditions for the 

SPAAC reaction by evaluating different solvents.41 To validate the presence of the translator on the 

magnetic bead surface, we used a version of the translator labeled with tetramethylrhodamine 

(TAMRA). This allowed us to calculate the quantity of translator immobilized on the beads by means 

of fluorescence spectroscopy (Figure S4, Table S1). Conducting the SPAAC reaction in TRIS buffer 

enabled the construction of a loading curve for standardizing the surface probe density, showing that 

a solution of 10 μM of peptide-PNA conjugate was required to maximize the efficiency of the 

functionalization process, affording 7.68 nmoles of translator attached per mg of magnetic beads 

(Figure S4). Characterization of the different functionalization steps was performed by means of zeta 

potential measurements, ATR-FT-IR spectroscopy, and two-photon fluorescence microscopy (Fig. 3b, 

Figure S6, S7). 

Next, we demonstrated that MMP2 could effectively hydrolyze the peptide-PNA translator anchored 

on the magnetic bead surface. To this end, we functionalized the magnetic beads with a fluorescent 

TAMRA-labeled version of the translator (see SI). After incubation with MMP2 and magnetic 

separation of the beads, it was possible to detect and quantify the TAMRA-labeled PNA-containing 

cleavage product in the supernatant by using fluorescence spectroscopy (Fig. 3c). Based on the 

fluorescence emission intensity of the supernatant, the cleavage process effectively occurred in 2 

hours, which aligns with what is reported for other activity-based sensing platforms for MMP2 (Fig. 

3d).42 We also evaluated the specificity of our sensing platform for MMP2 when exposed to other 

proteases from the MMP family, namely MMP1, MMP9, and MMP12. As reported in the literature, 

some level of cross-reactivity could be observed in this case.43 Fluorescence spectroscopy 

measurements of the supernatant after physical separation of the translator-modified beads showed 

that the sensing platform exhibited a substantial specificity for MMP2 (Fig. 3e). Quantitative analysis 

of the concentration of the TAMRA-labeled PNA-containing cleavage product in the supernatant after 

incubation of the functionalized magnetic beads (1 mg/mL, equivalent to 10 μM of translator in 150 
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μL of assay volume) with varying concentrations of MMP2 allowed us to estimate a limit of detection 

(LOD) of 104 pM for the current non-amplified sensing platform (Fig. 3f). 

 

Figure 3. Design of the sensing platform and characterization of the activity-based sensing 

mechanism. (a) Multistep functionalization scheme of the magnetic beads with the chemical 

translator. Bifunctional DBCO-NHS  allows for converting the amine groups initially present on the 

bead surface into DBCO functionalities. The peptide-PNA translator was then grafted onto these 

beads through a SPAAC reaction between the azide moiety on the 5’-end of the peptide unit of the 

translator and DBCO. (b) Zeta potential mesurements during the various functionalization steps. After 

functionalization with DBCO, the zeta potential of a dispersion of the magnetic beads in PBS buffer  

shifts from 33 ± 1 mV to - 4 ± 1 mV. Conjugation with the chemical translator increases the zeta 

potential to 11 ± 1 mV (n = 3, mean + SD).  (c) Illustration of the MMP2 cleavage assay using 

magnetic beads functionalized with a fluorophore-tagged chemical translator. When the sensing 

platform is incubated with MMP2, proteolytic cleavage followed by magnetic separation of the beads 
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results in a supernatant enriched in the PNA-containing cleavage product. (d) Normalized 

fluorescence intensity obtained for the cleavage assay conducted using different MMP2 incubation 

times ([MMP2] 100 nM, magnetic beads 1mg/mL, n = 3, mean + SD).  (e) Normalized fluorescence 

intensity obtained with MMP2 (100 nM) and other non-specific MMPs (100 nM) (n = 3, mean + SD). 

(f) Fluorescence intensity values obtained for the assay conducted using different concentrations of 

MMP2 in the range of 0.03 - 10 nM, from which it was possible to calculate a LOD of 104 pM (n = 

3, mean ± SD), calculated as the concentration of MMP2 leading to a signal change equal to 3 times 

the intensity of the background (absence of the target). 

Next, to achieve translation of MMP2 enzymatic activity into a DNA-based input for the activation 

of CRISPR-Cas12a, we integrated a strategy for protein-to-DNA input exchange into the above 

sensing platform. Signal amplification based on the use of CRISPR-Cas12a leverages the target-

induced indiscriminate nuclease activity (trans-cleavage) of Cas12a, which can be used for degrading 

nearby single-stranded DNA reporter labeled with a fluorophore/quencher pair.31,44,45  CRISPR-

Cas12a can recognize either complementary single-stranded (ss) or double-stranded (ds) DNA 

sequences.46 We designed a ssDNA sequence encompassing both a domain complementary to the 

sequence of the PNA unit in the translator and a second domain serving as the target sequence for the 

crRNA complexed with Cas12a (Figure 4a and SI). By preforming the PNA:DNA heteroduplex on 

the magnetic bead surface, the sensing platform could release the DNA-containing fragment in the 

supernatant following MMP2-mediated cleavage of the translator (Fig. 4a). The hybridization 

between the crRNA in the CRISPR-Cas12a complex and its target ssDNA in the supernatant activates 

the trans-endonuclease activity of Cas12a, allowing to generate an amplified fluorescence signal 

through the indiscriminate degradation of hairpin DNA reporters labeled with a FAM/BHQ 

fluorophore/quencher pair. We chose to employ hairpin DNA reporters based on a recent publication 

demonstrating that such conformation enables enhanced sensitivity compared to conventional linear 

DNA reporters.31  Figure 4b reports representative kinetic fluorescence measurements of MMP2-
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dependent Cas12a-mediated degradation of the hairpin reporters, showing that the amplification 

process proceeds to completion in less than 2 hours. The endpoint fluorescence intensity values were 

used to build a calibration curve that showed linearity in the Log MMP2 concentration range 1 – 100 

pM, with a LOD of 1 pM, corresponding to 72 pg/mL MMP2 (Fig. 4c). This LOD is orders of 

magnitude lower than average commercially available peptide-based kits.47 Figure 4d reports signal 

gain % values calculated for different concentrations of MMP2 after CRISPR-Cas12a-based 

processing of the MMP2-derived nucleic acid output. The resulting signal amplification leads to a 

significant increase in the signal gain % values with respect to those that can be calculated from the 

non-amplified fluorescence intensity values reported in Figure 3c. 

 

Figure 4.  CRISPR-Cas12a-based amplification of MMP2-derived nucleic acid output. (a) A pictorial 

illustration of the proposed MMP2 acivity-based assay using CRISPR-Cas12a-based  signal 

amplification. The peptide-PNA translator on the magnetic bead surface is hybridized with a ssDNA 

sequence serving as the trigger input for target-induced CRISPR-Cas12 trans-cleavage nuclease 

activity. Following incubation with MMP2 and magnetic separation of the beads, the nucleic acid-

containing cleavage product enriches the supernatant. This is incubated with a preformed 

crRNA/Cas12a complex (20 nM) in the presence of an excess of ssDNA hairpin reporter (100 nM). 
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(b) Fluorescence kinetic profiles of CRISPR-Cas12a trans-cleavage activity (i.e., Cas12a-mediated 

degradation of the DNA hairpin reporters) upon interaction with MMP2-derived ssDNA activator in 

the MMP2 concentration range 1 - 300 pM. (c) Calibration curve obtained through a linear fit of 

signal gain % values in the 1 - 100 pM MMP2 concentration range. The curve is described by the 

following equation y = (-281.3 ± 32.9) + (137.9 ± 7.9) x, R2 = 0.97 (d) Signal gain % values, 

calculated at the 2-hour endpoint, obtained for CRISPR-Cas12a-based (red bars) and unamplified 

fluorescence assays (blue bars) for different concentrations of MMP2 (n = 3, mean ± SD).  

In conclusion, we successfully developed a novel sensing platform for the activity-based detection of 

MMP2, enabled by a protein-to-DNA input exchange mechanism combined with CRISPR-Cas12a 

signal amplification. Our CRISPR-Cas12a-assisted sensing platform demonstrated remarkable 

sensitivity and an LOD as low as 72 pg/mL MMP2, outperforming commercially available activity-

based fluorogenic kits. The present LOD is also particularly relevant as it falls within the early 

detection range, which is considered to be at least below 5 ng/mL for this type of protein target.48 Key 

in our design is the use of a chimeric peptide-PNA conjugate, serving as a molecular translator for 

the conversion of an enzyme-based input into a nucleic acid-based output. The nature of the translator 

allows for adaption to the detection of other specific MMPs and enzymes simply by modifying the 

peptide substrate sequence, making the presented strategy a highly versatile platform technology for 

the realization of CRISPR-Cas-based detection of protein targets. The presented strategy also 

showcases a new application space for CRISPR-Cas-based biosensing, highlighting its potential 

beyond nucleic acid diagnostics.49,50 As this approach enables the generation of a protein-derived 

arbitrary nucleic acid-based input, many other amplification techniques, such as those based on 

CRISPR-Cas13, hybridization chain reaction or polymerase chain reaction, could be explored, also 

opening the possibility to perform multiplexing biomarker analysis. From a different angle, this work 

also demonstrates a new possible modality for enzyme-controlled DNA-based computation, enabling 

the integration of proteolytic activity with DNA nanotechnology.26,51–54  
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1. MATERIALS AND METHODS 
 

1.1 Chemicals 
Tris(hydroxymethyl)-aminomethane was purchased from Tokyo Chemical Industry (Tokyo, Japan). 
Sodium chloride was purchased from VWR chemicals (Leuven, Belgium). Calcium chloride, Acetic 
anhydride, Dimethyl sulfoxide, N,N-Dimethylformamide (DMF) for peptide synthesis and N-Methyl-
2-pyrrolidone were purchased from Carlo Erba (Milan, Italy). DBCO-NHS was purchased from 
BroadPharm (San Diego, CA, USA). Amine-terminated magnetic particles (1µM in size), Azidoacetic 
acid, Diethyl ether, Dichloromethane, m-Cresol and Acetonitrile were purchased from Sigma Aldrich 
(Merck KGaA, Darmstadt, Germany). N,N-Diisopropylethylamine and Imidazole were purchased 
from Alfa Aesar (Ward Hill, MA,USA). Hydroxylamine hydrochloride was purchased from VWR 
(Radnor, PA, USA). Piperidine, O-(1H-Benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium 
hexafluorophosphate (HBTU) and Trifluoroacetic acid (TFA) were purchased from abcr GmbH 
(Karlsrhue, Germany). EnGen Lba Casa12a (Cpf1) was purchased from new England BioLabs 
(Ipswich, MA, USA). 
 
1.2 Recombinant human proteases 
Recombinant human MMP-2 was purchased from BIO RAD (Hercules, CA, USA). Human MMP-
12 HME protein (catalytic domain), human MMP-1 protein (His Tag), and human MMP-9 CLG4B 
protein (His Tag) were purchased from Sino Biological (Beijing, China). 
 
1.3 Oligonucleotides 
All the RNA and DNA sequences used in this work were purchased from Metabion international AG 
(Planegg, Germany). The specific sequences are reported below: 

Hairpin DNA reporter 

 5’ - (6-FAM) - CTCTCATTTTTTTTTTAGAGAG - (BHQ1) - 3’ 

6- FAM is 6-Carboxyfluorescein 

BHQ1 is Black Hole Quencher 1 

crRNA  
5’ – UAAUUUCUACUAAGUGUAGAUUUUAGUCUACACAUGGCUAAAUCU – 3’ 

CRISPR-Cas12a target DNA (DNA Activator) 
5’ – AGATTTAGCCATGTGTAGACTAAATTTTTTAGTTCTAAGC - 3’ 
 
Highlighted in italic is the domain complementary to the RNA sequence in the Cas12a/crRNA 
complex. 
 
Underlined is the domain complementary to the PNA sequence in the peptide-PNA translator. 
 
 
1.4 Synthesis of the Peptide-PNA chemical translator 
The synthesis of the peptide-PNA conjugates utilized as chemical translators was performed with 
standard manual Fmoc-based solid-phase synthesis using HBTU/DIPEA as coupling mixture, and 
commercially available Fmoc-AA-OH monomers (Sigma Aldrich, Merck KGaA, Darmstadt, 
Germany) and Fmoc-PNA-OH monomers (Biosearch Technologies, Bellshill, Scotland), following 
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an established protocol.1 Rinkamide-ChemMatrix resin was first loaded with Fmoc-Lys(Dde)-OH as 
the first monomer (0.13 mmol/g). Two versions of peptide-PNA translators that differ for the presence 
of a fluorescent tag were prepared. Both the translators have the same peptide-PNA sequences 
(reported below), with an azide group at the N-end. The azide group was introduced by reacting the 
translator with preactivated azidoacetic acid using HBTU/DIPEA as an activating mixture. Prior to 
cleavage from the resin, the Dde (2-Acetyldimedone) protecting group on the side chain of the lysine 
residue was removed with a solution of N-Methyl-2-pyrrolidone, hydroxylamine and imidazole in 
DMF. In the case of the peptide-PNA translator labelled with a fluorescent tag, the side chain of the 
lysine was used as anchor point for a TAMRA molecule, which was introduced by reacting 
preactivated (through HBTU/DIPEA mixture) 5(6)-Carboxy-tetramethylrhodamine with the amino 
group on the translator. Cleavage from resin was performed with a solution of 10% m-cresol in 
trifluoroacetic acid (TFA).  

Peptide-PNA translator  
5’ - N3 – O* - GPLGVRG - GCTTAGAACT – K - NH2 – 3’ 

Peptide-PNA translator labelled with a fluorescent tag 
5’ - N3 – O* - GPLGVRG - GCTTAGAACT – K – NH2 – 3’  

 

 

N3 azide  
* 2-[2-(Fmoc-amino)ethoxy]ethoxyacetic acid (AEEA) (Biosearch Technologies, Bellshill, 
Scotland 
** 5(6)-Carboxy-tetramethylrhodamine (Novabiochem, Merck KGaA, Darmstadt, Germany) 

Highlighted in italic is the sequence of the peptide unit. 
 

The purification of the above peptide-PNA conjugates was performed by RP-HPLC (Agilent 1260 
Infinity) with UV detection at λ 260 nm using a semi-preparative C18 column (5 μm, 250×10 mm, 
Jupiter Phenomenex, 300 Å), eluting with H2O containing 0.1 % TFA (eluent A) and CH3CN 
containing 0.1 % TFA (eluent B); elution gradient: from 100 % A to 50 % B over 30 min, flow rate: 4 
mL min−1. 

The purity and identity of the purified peptide-PNA conjugates were determined by HPLC–ESI/MS 
(Dionex Ultimate 3000 equipped with linear ion trap detector) using a Phenomenex Gemini 
C18 column: 100×4.6 mm, 3 μm. 
 

1.5 Analysis of MMP2-mediated proteolytic cleavage of the peptide-PNA translator 
A solution of peptide-PNA chemical translator (0.5 μM) in TRIS containing CaCl2 1 mM was 
incubated with MMP2 at a 1:0.1 ratio for 24 hours at 37° C. The analyses were conducted using a 
Dionex Ultimate 3000 High-Performance Liquid Chromatography (HPLC) system (Thermo 
Scientific) coupled to an Orbitrap LTQ XL mass spectrometer (Thermo Scientific). Chromatographic 
separation was achieved using a Kinetex C18 column (Phenomenex, 50 x 2.1 mm, 2.6 µm, 100 Å). 
The instrument operated via gradient elution with a mobile phase composed of Phase A (0.1% formic 
acid v/v in water) and Phase B (0.1% formic acid v/v in acetonitrile); elution gradient: from 99 % A 
to 95 % B over 40 min. The mobile phase flow rate and injection volume were set at 200 µL/min and 
5 µL, respectively, with an acquisition delay of 3.50 minutes.  

| 
    TAMRA** 
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1.6 Functionalization of magnetic beads with the peptide-PNA translator 
Aminated magnetic beads (0.1 mg/mL) were initially washed with pure DMSO, then resuspended in 
a 2.5 mM solution of DBCO-NHS in DMSO added with DIPEA and incubated for 2 h at 25 °C under 
constant shaking (1500 rpm). After that, the beads were washed with DMSO to remove unreacted 
DBCO-NHS and incubated with a fresh solution of azide-modified peptide-PNA translator in TRIS 
buffer (0.1 mg/mL) for 3.5 h at 37 °C. Eventually, the beads were washed thrice with distilled water. 

To optimize the conditions for the SPAAC reaction, the use of different solvents was explored. These 
were aqueous TRIS buffer, water, and a water/DMSO 1:1 mixture, as reported in Table S1. The 
fluorescent version of the translator labeled with tetramethylrhodamine (TAMRA) was used in these 
experiments. Fluorescence spectroscopy measurements of the peptide-PNA solution before and after 
incubation with the DBCO-modified magnetic beads were used to calculate the quantity of translator 
immobilized on the beads, expressed as loading (nmol/mg) and loading % w:w. 

 

 TRIS buffer H2O H2O/DMSO (1:1) 
Moles of translator 
attached to 0.1 mg 

magnetic beads 
1,04 · 10-9 8 · 10-10 3,47 · 10-10 

Loading (nmol/mg) 10,4 8 3,47 
Loading % w:w. 4,11 3,19 1,4 

 
Table S1. Comparison of the functionalization efficiency for DBCO-functionalized magnetic beads 
(0.1 mg/mL) incubated with fluorescent azide-presenting peptide-PNA translator (1 mg/mL) using 
different reaction solvents.  
 

1.7 Characterization of the functionalization steps 
ATR- FT-IR measurements were conducted using a Thermo Scientific Nicolet 5PCFT-IR-ATR 
spectrophotometer. Zeta Potential (Malvern Zetasizer Nano ZSP) measurements were performed in 
PBS buffer pH 7.4. Fluorescence measurements were conducted using a Horiba Jobin-Yvon 
Fluoromax-3 spectrophotometer. These were performed, using quartz cuvettes of reduced volume 
(100 µL). Working wavelengths were set to λexc = 550 nm and λem = 555-700 nm to monitor the 
fluorescence emission of TAMRA, and all measurements were performed at room temperature. Two-
photon microscopy images of magnetic beads functionalized with the TAMRA-labeled peptide-PNA 
translator were acquired using a vertical Nikon A1R MP+ two-photon microscope equipped with a 
femtosecond pulsed laser from Coherent Chameleon Discovery.  

1.8 Loading curve 
DBCO-functionalized magnetic beads (0.1 mg/mL) were incubated with solutions of the fluorescent 
peptide-PNA of different concentrations (0.01, 0.1, 1, 5, 10, 24 µM), following the protocol described 
above. Fluorescence spectroscopy measurements of the peptide-PNA solution before and after 
incubation with the DBCO-modified magnetic beads were used to calculate the quantity of translator 
covalently immobilized on the bead surface. The emission intensity of the TAMRA fluorophore 
conjugated to the peptide-PNA translator was collected in solution at λEm = 584 nm (λEx = 550 nm) 
before and after the translator immobilization on the magnetic beads. The fluorescence intensity 

https://doi.org/10.26434/chemrxiv-2023-tnsnw ORCID: https://orcid.org/0000-0003-4842-9909 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-tnsnw
https://orcid.org/0000-0003-4842-9909
https://creativecommons.org/licenses/by-nc-nd/4.0/


reduction expressed in percentage was used to estimate the number of moles attached to the magnetic 
beads. The measurements were replicated three times, and the value obtained is reported as the mean 
value ± standard deviation (Figure S4). 

 
1.9 Kinetic analysis of MMP2-mediated proteolytic cleavage  
Magnetic beads functionalized with the fluorescent peptide-PNA translator were incubated with 
MMP2 (100 nM) for 1, 2, 4 and 8 h, respectively. The supernatant was then collected and analyzed 
by means of fluorescence spectroscopy as described above. 

 

1.10 Specificity assay 

MMP1, MMP9 and MMP12 (100 nM solution in TRIS buffer 1 M containing CaCl2 1 mM) were 
respectively incubated with magnetic beads functionalized with the fluorescent peptide-PNA 
Translator (1 mg/mL) for 2 h at 37°C. The supernatant was then collected and analyzed by means of 
fluorescence spectroscopy as described above. 

 

1.11 Quantitative fluorescence-based assay 

Magnetic beads functionalized with the fluorescent peptide-PNA translator (1 mg/mL) were 
incubated with varying concentrations of MMP2 in the range 0.03 - 10 nM (2h at 37°C). The 
supernatant was then collected and analyzed by means of fluorescence spectroscopy as described 
above. The limit of detection (LOD) was determined according to Eurachem guidelines 
(https://www.eurachem.org). 

 

1.12 CRISPR-Cas12a-assisted activity-based assays 

Magnetic beads covalently conjugated with peptide-PNA translators were prepared as described 
above (1 mg/ml) and subsequently incubated with a 10 µM solution of the ssDNA activator sequence 
(2h at 37°C), then washed twice with distilled water. The obtained PNA:DNA-modified beads were 
incubated with varying concentrations of MMP2 in the range 0.3 - 300 pM. The resulting supenatant 
was collected and used for subsuquent analysis. The LbCas12a-mediated cleavage assays were 
carried out adding 7.5 µl of Cas12a/cRNA complex (200 nM, in a buffer consisting of 10 mM Tris-
HCl (pH 7.9), 50 mM NaCl, and 100 mM MgCl2) previously incubated (30 min at 37°C) to 67.5 µl 
of supernatant solution containing the Hairpin DNA reporter (final concentration 100 nM). Kinetics 
were followed for 2h at 37 °C by utilizing a microplate reader Tecan Infinite 200 pro using top reading 
mode with black, flat bottom non-binding 96-well plates. The fluorescence intensity values were 
expressed in terms of signal gain % (calculated with the following formula: signal gain % = 
(Fluorescence Signal – Background) / Background * 100, where the Background is the signal 
observed when conducting the assay in the absence of MMP2) as a function of different MMP2 
concentrations and analyzed using a linear regression model in PRISM (GraphPad). 
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2. SUPPORTING FIGURES 

 

  

 

 
Figure S1. A)  UPLC–ESI/MS (Waters Acquity equipped with SQ detector) chromatogram of the 
PNA-peptide translator; B) Mass spectrum of the chromatographic peak at time = 5.98 min, 
corresponding to the peptide-PNA translator, m/z found (calculated) = 621.00 (620.95) [M+6H]6+, 744.92 
(744.96) [M+5H]5+, 930.67 (930.95) [M+4H]4+, 1240.92 (1240.93) [M+3H]3+. 
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Figure S2. A)  UPLC–ESI/MS (Waters Acquity equipped with SQ detector) chromatogram of the 
PNA-peptide translator labelled with fluorescence tag; B) Mass spectrum of the chromatographic 
peak at time = 4.07 min, corresponding to the peptide-PNA translator, m/z found (calculated) = 517.54 
(517.53) [M+8H]8+, 591.35 (591.32) [M+7H]7+, 689.52 (689.71) [M+6H]6+, 827.47 (827.45) [M+5H]5+, 
1034.10 (1034.06) [M+4H]4+. 
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Figure S3. Zeta potential values for samples of magnetic microbeads incubated with different 
concentrations of DBCO-NHS in DMSO (0 mM; 0.5 nM; 1 mM; 2.5 mM; 12mM). 
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Figure S4. Fluorescence emission spectra (λex = 550 nm) of a solution of TAMRA-labeled peptide-
PNA translator in TRIS buffer (24 µM) before (blue line) and after (purple line) incubation with 
DBCO-functionalized magnetic beads (0.1 mg).  
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Figure S5. Moles of fluorescent peptide-PNA translator attached to the surface of magnetic beads 
(0.1 mg) incubated with different concentrations of translator in a range of 1-24 µM. 
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Figure S6. ATR-FT-IR spectra of aminated magnetic beads (MBs-NH2, blue line), magnetic beads 
after incubation and functionalization with NHS-DBCO (MBs-DBCO, light blue line), magnetic 
beads after functionalization with the peptide-PNA translator (MBs-translator, purple line).  
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Figure S7. Two-photon microscopy image of magnetic beads functionalized with the fluorescent 
TAMRA-labeled peptide-PNA translator.   
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