Open Access Article. Published on 05 September 2023. Downloaded on 4/13/2026 5:55:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

W) Check for updates ‘

Cite this: Chem. Commun., 2023,
59, 11660

Received 28th July 2023,
Accepted 5th September 2023

DOI: 10.1039/d3cc03634k M. Rodriguez-Rios,

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Moving into the red — a near infra-red optical
probe for analysis of human neutrophil elastase
in activated neutrophils and neutrophil
extracellular trapsf¥
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Neutrophils are the first immune cells recruited for defence against
invading pathogens; however, their dysregulated activation and
subsequent release of the enzyme human neutrophil elastase is
associated with several, inflammation-based, diseases. Herein, we
describe a FRET-based, tri-branched (one quencher, three fluoro-
phores) near infrared probe that provides an intense OFF/ON
amplified fluorescence signal for specific detection of human neu-
trophil elastase. The probe allowed selective detection of activated
neutrophils and labelling of neutrophil extracellular traps.

Neutrophils are the most abundant white cells in human blood.
They are phagocytic immune cells that provide an early line of
defence against pathogens," and apply a wide range of mechan-
isms to kill pathogens including phagocytosis, neutrophil
degranulation, reactive oxygen radical generation,” and neutro-
phil extracellular trap (NET) production during a process
termed NETosis.> In NETosis, neutrophils extrude their intra-
cellular content (including chromatin and antimicrobial pro-
teins) into the extracellular space, forming NETSs to entrap and
kill pathogens. However, despite their beneficial role in host
defence, overactivation of neutrophils and dysregulated NETo-
sis play pivotal roles in many inflammatory diseases,* such as
SARS-COV2 where NETs can cause microvascular thrombosis,
leading to tissue damage, and organ failure.> Of key relevance
in neutrophil activity is human neutrophil elastase (hNE), a
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serine protease that is highly abundant in the granules of
neutrophils. This protease is found bound to NETs, and is a
validated biomarker for inflammation.®

Activity-based probes, which covalently bind to elastase,
have allowed accurate cellular localisation of the enzyme and
enzyme detection in gel-based assays, but most are ‘“‘always on”
fluorescent probes that can have high background signals
when used for cell imaging microscopy and have no signal
amplification.”® Probes based on Forster resonance energy
transfer (FRET),’® on the other hand, allow signal amplifica-
tion (probe turnover) and have been used for the detection of
various proteases. Examples of FRET-based probes for
elastase’ ™ include FRET-based ratiometric probes'! and
probes for elastase sensing that successfully allowed detection
of activated neutrophils and visualisation of NETs."®> However,
the majority of these activity and substrate-based probes for
elastase lie within the ‘“‘green” region (495-570 nm) of the
visible spectrum where applications are limited by the high
background signals commonly observed in biological tissues'®
as well as by the elevated levels of tissue scattering.'” Thus,
efforts on optical probe development have focused on improv-
ing the signal-to-noise ratio, often by moving the fluorescent
emission of probes into the near infrared (NIR) window (650-
900 nm), driving improvements in tissue penetration, reducing
scattering (1/4*) and background signal. Indeed, NIR probes are
becoming common in the clinical setting with examples includ-
ing the tyrosine kinase MET receptor optical probe for thyroid
cancer detection,'® the FDA approved folate receptor targeting
probe for ovarian cancer intraoperative imaging,'®*° and a
cathepsin-activated imaging probe that has entered clinical
studies for intraoperative breast cancer detection.>*

Multibranched, substrate-based probes for protease detec-
tion offer a powerful means for signal amplification, with
reduced background fluorescence when compared to their
linear counter parts by virtue of “self-quenching”?> of identical,
close proximity fluorophores and release of multiple fluores-
cent moieties upon cleavage.>*** Herein, we present a tri-

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0003-2434-1603
https://orcid.org/0000-0002-3593-0393
https://orcid.org/0000-0001-7893-1575
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cc03634k&domain=pdf&date_stamp=2023-09-11
https://doi.org/10.1039/d3cc03634k
https://doi.org/10.1039/d3cc03634k
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cc03634k
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC059078

Open Access Article. Published on 05 September 2023. Downloaded on 4/13/2026 5:55:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

HN” NH,

Fig. 1 The structure of the linear FRET-probe 1 (HNE-1F1Q). hNE cleaves
the probe between isoleucine and norleucine.
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branched NIR probe for hNE that allows the specific detection
of the enzyme in activated neutrophils and NETs. The probe
was synthesised using a hybrid solid/solution-phase approach,
with the final tri-branched construct assembled via copper
catalysed cycloaddition chemistry.>>>¢

An initial design to explore the desired quencher and
fluorophore targeted a classical, linear FRET peptide 1 (HNE-
1F1Q) using a sulfonated Cy5 (Zex/Aem 640/657 nm) and QSY21
(%abs 660 nm) FRET pair on opposite ends of a hNE cleavable
peptide (Glu-Glu-lle-Nle-Arg-Arg) (Fig. 1)."**” Probe 1 was
synthesised on solid-phase using orthogonal Dde/Fmoc
deprotection®® chemistry to allow selective attachment at the
lysine side chain of the quencher QSY21 at the C-terminus, with
coupling of the Cy5 fluorophore at the amino terminus as the
final resin-based step before resin cleavage and deprotection
(ESL{ Scheme S1). Surprisingly, when 1 (35 pM) was exposed to
hNE, the activation proved to be very slow (>2 h, ESI,} Fig. S1),
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Scheme 1 Synthesis of tri-branched probe 10. The quencher containing alkyne fragment 9 was synthesised from tris-hydroxymethyl aminomethane in
six steps, with an overall yield of 20%. Azide-peptide 2 was synthesised using a Rink-amide linker functionalised polystyrene resin and assembled using

standard Fmoc/‘Bu SPPS. The azide functionality was incorporated at the C-terminus using Fmoc-Lys(N

3)-OH as the first residue and the peptide was

capped with sulfonated Cy5 at its N-terminus (ESI, T Scheme S1). After the copper-catalysed click reaction, the probe was purified by semipreparative

HPLC and characterised by MALDI-TOF MS and HRMS.
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which was attributed to the bulky quencher hindering enzyme
access to the cleavage site and the poor solubility of the probe
(precipitation was observed in aqueous buffer even at low
concentrations). Also, probe 1 did not show any increase in
fluorescence when incubated with activated neutrophils.

To solve these problems, a tri-branched probe 10 was
designed, in which a single QSY21 quencher was placed distally
to the cleavage site (to improve cleavage kinetics) while using
three copies of the sulfonated Cy5-peptide to allow “triple”
levels of fluorescence amplification (Scheme 1). In this design,
the quencher molecule enhances the overall silencing effect via
FRET in addition to Cy5 self-quenching. Previously reported
solid-phase synthetic methods used for the synthesis of the
green emitting tribranched probes'? for elastase proved unsuc-
cessful and, thus, a new convergent route was designed. The
synthesis was achieved by the solid-phase synthesis of the
azide-containing peptide 2 (with the N-terminus conjugated
to a bis-sulfonated Cy5) on a Rink-amide linker functionalised
polystyrene resin. This was followed by the convergent solution-
phase attachment of 2 to the tri-branched, QSY21-alkyne scaf-
fold 9 via azide/alkyne “click’” chemistry (Scheme 1).”° The tri-
branched alkyne scaffold 9 was designed to have the quencher
QSY21 attached to the “stem” via a bis-ethylene glycol spacer to
ease its conjugation. Thus, the hindered amine of the tris-
alkyne building block 6*° was coupled to the spacer via a
highly reactive acyl fluoride (Boc-NH-(EG),-CO-F, 3). Once the
spacer was attached, removal of the Boc group from 7 allowed
facile incorporation of QSY21 via its NHS ester to give the
quencher containing tris-alkyne 9. The tris-alkyne-QSY21 9 was
then reacted with the azide peptide 2 (4 equiv.) at the highest
reactant concentrations possible (limited by solubility - 0.6 mM
and 2.5 mM for 9 and 2, respectively) using Cul/THTPA in
anhydrous DMF to give the “three-fluorophores-one-quencher”
probe 10 (HNE-3F1Q). Four equivalents of the azide 2 were
sufficient for good conversion into the tri-branched compound,
with only trace amounts of the mono and bis-functionalised
intermediates ever observed by HPLC (ESI,} Fig. S2), suggest-
ing, perhaps, that the mono and dimeric triazole species are
catalysts in their own right.

Probe 10 (HNE-3F1Q) had a maximum excitation wavelength
(Zex) at 640 nm and maximum emission (Zem) at 657 nm (Fig. 2a),
consistent with the optical properties of the sulfonated Cy5 and,
in contrast to the linear FRET probe 1, was highly water soluble.
The probe was “super-silent” in its non-cleaved form, showing
that a single QSY21 quencher can efficiently quench the three
fluorophores within its proximity, with a rapid increase in fluores-
cence observed for 10 within seconds of adding hNE, (Fig. 2b),
with cleavage occurring at Ile-Nle (Fig S7, ESIt). In comparison,
the Cy5 tri-branched control probe 11 (HNE-3F0Q), without the
QSY21 quencher, only gave a 2-fold increase in fluorescence upon
elastase activation (ESL,T Fig. S3).

The Ky for 10 was 5.7 uM with a turnover number (kcai/Ky)
of 3.5 x 10* M~ ' s~ ' (ESI, Fig. S4). The cleavage kinetics of the
branched probe 10 were superior to the more traditional, linear
FRET peptide 1 (ESL+ Fig. S2-S6), with significantly faster
cleavage (kea/Ky Of 1.5 x 10° M™* s7%). The activation of 10
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Fig. 2 (a) Fluorescence emission (lex = 640/10, Aem = 680/20) of 10

(HNE-3F1Q, 12 pM) after incubation with hNE (100 nM, 1 h) (n = 3, Ctr = no
enzyme); (b) time-dependent increase in fluorescence of 10 (12 uM) in the
presence of hNE (100 nM). The activation was fully inhibited by the elastase
inhibitor sivelestat (100 pM) (n = 3); (c) probe 10 (12 puM) was highly
selective for hNE, with negligible cleavage by closely related proteases
cathepsin G (100 nM) and proteinase 3 (100 nM) (n =3, Ctr = no enzyme).

was fully inhibited by the elastase inhibitor sivelestat and the
probe was highly specific for elastase, with no cleavage by the
closely related proteases, proteinase 3 or cathepsin G (Fig. 2c).
To evaluate if 10 (HNE-3F1Q) was able to detect hNE in neu-
trophils, primary human neutrophils were activated by exposure to
two well stablished neutrophil activators N-formylmethionyl-leucyl-
phenylalanine (fMLF) or phorbol 12-myristate 13-acetate (PMA).*' >
An increase in fluorescence from cleaved 10 was observed in
activated neutrophils when compared to untreated controls that
showed negligible fluorescence (Fig. 3). A clear difference between
fMLF and PMA activation was observed with fMLF activated neu-
trophils having intact nuclei while PMA activated cells formed
“cloud-like” structures, with the “DNA signal” diffusing into the
extracellular environment and co-localised with the NIR signal of 10,
indicating co-localisation of DNA and hNE which is a hallmark
feature of NETs. When neutrophils were pre-treated with sivelestat
prior to exposure to PMA, no significant increase in fluorescence was
observed (Fig S8, ESIt). These results demonstrate that 10 can be
used to detect hNE in activated neutrophils and specifically in NETs
and that the probe is robust in the absence of the protease.
Detection of hNE in activated neutrophils and NETs was
possible with our NIR probe and results were consistent
with those obtained with previously reported probes™*™ that
used a similar substrate. However, our results contrasted with
findings obtained from Kasperkiewicz’ that observed that the
hNE present in NETs was not active when using phosphonate-
based activity-based probes. These contrasting results could
be explained by the nature of the probes, with activity-based
probes unable to provide signal amplification (and having higher
background fluorescence), while substrate-based probes, because
they are catalytically activated by the protease, allow for much

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Fluorescence microscopy images of neutrophils activated with fMLF
(100 nM, 30 min) or PMA to induce NETs (10 nM, 3 h) while incubating
with probe 10 (3 uM, 3 h), followed by nuclear staining with Hoechst 33342
(200 nM, 20 min). Detection wavelengths: blue channel (Hoechst) ey
405 nm, Jem 420-500 nm; red channel (probe) e, 633 NM, Aem 650—710 nm.

higher signals and provide lower limits of detection. In addition,
activity-based probes lead to inhibition of the protease itself,
which could have an effect the NETotic process. It would be
interesting to perform a study where both methods of detection
are compared side-by-side under the same conditions.

A tri-branched, FRET-based probe for the detection of
hNE was synthesised with emission in the NIR region of the
spectrum, where endogenous biomolecules have decreased
absorbance, and minimal autofluorescence. The probe was
synthesised using a convergent assembly method, combining
solid-phase peptide synthesis and solution-phase copper cata-
lysed azide/alkyne cycloaddition (CuAAC). Three copies of a
sulfonated Cy5 N-terminal labelled elastase substrate, bearing
an azide at the C-terminus, were ‘“clicked” by CuAAC onto a
tribranched scaffold bearing three terminal alkyne groups and
a single copy of the quencher. This strategy allowed the
quencher to be placed far from the cleavage site and proved
to be key for efficient probe activation. The probe was able to
rapidly detect hNE activity in vitro and was successfully used to
image activated neutrophils and NETSs.
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