Efficient near infrared fluorescence detection of elastase enzyme
using peptide-bound unsymmetrical squaraine dye
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Abstract

Extended wavelength analyte-responsive fluorescent probes are highly desired for the imaging
applications owing to their deep tissue penetration, minimum interference from autofluorescence by
biomolecules. Near infra-red (NIR) sensitive and self-quenching fluorescent probe based on the dye-
peptide conjugate (SQ 1 PC) was designed and synthesized by facile and efficient one-pot synthetic
route for the detection of Elastase activity. In the phosphate buffer solution, there was an efficient
quenching of fluorescence of SQ 1 PC (86 %) assisted by pronounced dye-dye interaction due to H-
aggregate formation. Efficient and fast recovery of this quenched fluorescence of SQ 1 PC (> 50 %
in 30 seconds) was observed on hydrolysis of this peptide-dye conjugate by elastase enzyme.
Presently designed NIR sensitive self-quenching substrate offers the potential application for the
detection of diseases related to proteases by efficient and fast detection of their activities.

Keywords: Far-red squaraine dye, aggregation, fluorescent peptide, self-quenching conjugate,
Elastase detection, bio imaging.

Growing demand for point-of-care testing (POCT)
devices for home diagnostic and facile health care
monitoring, biosensors have attracted tremendous
attentions owing to utilization of small amount of
biological samples, ease of handling and user-
friendliness [1, 2]. Although, biosensors are one of the
strong contenders for POCT devices, due to the
existing challenges like utilization of single analyte at
a time, controlling the sensitivity in the presence of
interfering agents, prior analyte processing for higher
sensitivity and low throughput are needed to be
considered for the further development of more
efficient and versatile POCT devices. It is, therefore,
necessary to develop biosensors that are sensitive and
having the capability of high throughput detection
along with their compatibility with imaging
techniques for simultaneous multi-target analysis [3].
The advent of Microarray technology has led the
possibility of rapid profiling of huge number of
proteins in a single experiment [4, 5]. Working with
protein arrays for bio-sensing applications is
challenging and cumbersome to control polar and
ionic interactions, unspecific adsorption of proteins
and preservation of native form of protein along with
their spatial orientations onto the surface after
immobilization [6]. This is the reason why more
attentions are being paid for the development of
peptide arrays for rapid and high throughput screening

of complex protein functions including qualitative as
well as quantitative estimation of proteases [7].
Proteases are an important class of physiological
enzymes which hydrolyse the amide bond at specific
sites of the polypeptide chain thereby playing a vital
role in the regulation of a large number of
physiological processes such as cell
proliferation/differentiation, apoptosis, DNA
replication, haemostasis and immune responses [8, 9].
Human Neutrophil Elastase (HNE) belongs to serine
class of proteases and is a proteolytic enzyme stored in
the azurophilic granules of polymorphonuclear cells
[10]. Although the proteolytic destruction of bacteria
is one of the major roles of this enzyme, its
hyperactivity leads to the pathogenesis of acute and
chronic inflammations [11, 12]. Excess release of
HNE cleaves the cellular receptors, activates
protogenetic mediators and intrinsically involved in
the epithelial as well as well as endothelial membrane
damage [13, 14]. Therefore, knowledge of roles
played by different serine protease along with their
strict control and monitoring especially HNE activity
has a great importance for therapeutic viewpoints.

In spite of fast pace growth and development
of protease assay methods, methods based on
immunoassay consisted of specific binding to the
target protease with antibodies have been although
commercialized and able to estimate the proteases
guantitatively [15]. However, they are not much
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suitable for mapping protease activity and stages of
disease which are associated with protease activity
rather than their quantity. In order to avoid these issues
of immunoassay-based detection of proteases, several
other methods such as utilization of suitable peptide
substrates based on optical (absorbance/fluorescence)
detection and appearance or quenching of
fluorescence emanating from Forster resonance

energy transfer (FRET) have been widely used [16-18].

Interaction of proteases with these chromogenic or
fluorogenic substrates leads to the selective proteolytic
cleavage of the peptide bond resulting in changes of
their absorption or fluorescent spectral behaviors
which form the basis for the detection of protease
activity. In this context, fluorogenic substrates are
preferred over chromogenic substrates owing to their
enhanced sensitivity and compatibility with the high
throughput fluorescence mapping on microarray-
based platforms [19]. A perusal of the fluorogenic
substrates used for the protease assay reveals that the
wide-spread use of fluorescent tags working mainly in
the visible or low wavelength region. In this case, not
only auto-fluorescence resulting from the biological
analyte poses a limitation to attain good signal-to-
noise (S/N) ratio but also photo-damage to biological
species which cannot be avoided owing to the high
energy excitations. In this context, utilization of
fluorophores exhibiting emission in the near infra-red
(NIR) wavelength region not only imparts much
higher sensitivity owing to its highly diminished auto-
fluorescence from the biological samples but also are
capable of deep tissue penetration leading to efficient
bio-imaging [20]. On the other hand, the FRET-based
assay requires the logical development of suitable
fluorophore and quencher pair owing to their synthetic
complications due to the need of orthogonal protecting
groups while their coupling with peptide substrate
library.

The design of peptide substrates tagged with
fluorescent moieties having the capability of self-
quenching and re-appearance of the fluorescence after
enzymatic hydrolysis has also been simplified for the
solution of the relatively complicated fluorescence-
peptide-quencher molecular system. This was
demonstrated by designing the substrates after the
incorporation of a multiple number of identical
fluorophores leading to concentration-dependent
quenching. Sato et al have demonstrated the
concentration dependent fluorescence quenching for
their fluorescein isothiocyanates (Fluorescent moiety)
tagged peptide substrate for Trypsin enzyme and
proteolytic cleave of the peptide bond led to the
appearance of the fluorescence [21]. Internally
quenched fluorescence-based fluorescent dendritic
peptides substrates have also been reported which

exhibit fluorescence ON sensing of chymotrypsin
enzyme due to increased fluorescence emission after
the enzymatic hydrolysis of the designed substrates
[22]. Squaraine dye belongs to a class of intensely
colored dyes having donor-acceptor-donor
zwitterionic molecular framework containing squaric
acid as central four-membered ring core surrounded by
electron-rich  aromatic  moieties.  Incorporation
immensely available and judiciously selected
aromatic/heterocyclic systems with varying donor
strength it is easily possible to design a variety of
squaraine dyes with tunable light absorption and
fluorescence emission encompassing from visible to
IR wavelength region [23]. In this present work,
efforts have been directed to design an internally
quenched homo-labelled fluorescent-peptide substrate
utilizing a far-red sensitive unsymmetrical squaraine
dye coupled with a peptide sequence susceptible to the
pancreatic elastase enzyme. Figure 1 exhibits the
structure of the main building blocks like direct
carboxy ring-functionalized unsymmetrical squaraine
dye SQ-1 (1a), Elastase enzyme specific peptide
sequence B-Ala-Ala-Pro-Ala-Lys-(OBzl) (1b) along
with fluorescent peptide substrate (1c). Figure 1(d)
represents the MM2 energy minimized three-
dimensional structure of (1b) and led to the proposal
of a possible structure of peptide-dye conjugate as
shown in the Fig. 1(c).

Figure 1. Chemical structure of unsymmetrical
squaraine dye (a), elastase enzyme specific peptide (b),
peptide-dye conjugate (c) and MM2 energy minimized
3D structure of the peptide (d).

It can be clearly seen from the structure of our
newly proposed peptide-dye conjugate that two dye
molecules are connected to one peptide at either end
of the terminals. SQ-1 was selected as model dye not
only due to its NIR fluorescence capability but also an
appreciably good interaction of squaraine dyes with
most commonly used model proteins like bovine



serum albumin and human serum albumin [24, 25]. It
has been reported that pancreatic serine protease
elastase cleaves the substrate at peptide bonds on the
carboxyl side of amino acid residues bearing small
alkyl side chain which has led us to design Ala-Pro-
Ala as target peptide for elastase enzyme [26]. B-Ala
and Lys-containing free amino groups have not only
been used as a spacer but also for assisting the easy
binding of the SQ-1 dye with its free —-COOH group in
a single one pot reaction. A perusal of this newly
designed substrate as shown in Fig. 1(c) reveals dense
packing of the SQ-1, which is expected to bring the
internal self-quenching of the fluorescence. At the
same time, the flat molecular structure of squaraine
dyes is also expected to promote the dye aggregation
especially in the buffer solution and aggregated dye
molecules have been reported to exhibit the quenched
fluorescence [27]. Internally fluorescence quenched
peptide-dye conjugate was synthesized by one-pot
reaction of NHS-ester activated unsymmetrical
squaraine SQ-1 and peptide H-B-Ala-A-P-A-K-OBzI
as per the scheme-1. Detailed synthesis and
characterization of dye SQ-1, peptide and dye-peptide
conjugate along with various intermediates have been
provided in the supporting information.
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Scheme 1. Synthetic strategy of dye-peptide conjugate
used for present investigation.

Electronic absorption spectrum of SQ-1 in
dimethylformamide (DMF) solution exhibits a strong
electronic absorption maximum (Amax) at 672 nm along
with the feeble vibronic shoulder around 610 nm and
molar extinction coefficient of 1.02 x 10° dm®.mol-
Lem?® which is associated with n-n* electronic
transition which is a typical characteristic of the
squaraine dyes. The Amax absorption and emission
values, molar extinction coefficient and stoke shifts of
SQ 1 dye and SQ 1 PC in both DMF and PBS solutions
were shown respectively in Table 1.

Merging of the vibronic shoulder with the
main absorption for SQ-1 in DMF solution indicates
the existence of dye aggregated species. It has been
reported that in the case of H-aggregate formation by
squaraine dye, sometimes shoulder becomes even
more pronounced as compared to monomeric dye
absorption peak. Prevention of this dye aggregation by
using  aggregation  preventing  species  like
chenodeoxycholic acid leads to decrease in the
absorption corresponding to this shoulder verifying
the suppression of dye aggregation [28]. On the other
hand, its emission spectrum shows fluorescence
emission peak at 754 nm with relatively large Stokes
shift of 82 nm. Typically, squaraine dyes exhibit a
Stokes shift of 20-30 nm due to its rigid molecular
structure and indicate the nearly similar molecular
configuration of dyes in both of the ground as well as
excited states [29]. This large Stokes shift in the case
of SQ-1 in DMF solution indicates rather diminished
conformational stability of SQ-1 in an excited state as
compared to typical squaraine dyes. On the other hand,
the electronic absorption spectrum of a dye-peptide
conjugate (SQ 1 PC) exhibits relatively broader optical
absorption having a blue-shifted Amax at 664 nm and
fluorescence emission maximum at 736 nm with a
stoke shift of 72 nm as shown in the Fig. 2(b). This
blue-shift in the absorption and emission maximum
could be attributed to the dye aggregate formation. It
has been reported that squaraine dyes form the blue-
shifted H-aggregates and red-shifted J-aggregates
depending on their structure, molecular environment
owing to their relatively flat molecular structure [30].



Table 1. Spectral properties of dye and dye-conjugate in DMF and 0.1 M PBS solution at pH 7.4.

DMF Solution

PBS Solution
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Shift

A (max)
Ems

A (max)
Abs
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754 nm
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Figure 2. Electronic absorption and fluorescence
emission spectra of (a) unsymmetrical squaraine dye
SQ-1 and (b) peptide-dye conjugate (SQ 1 PC) in the
DMF solution of concentration 5 uM. Figures (c)
and (d) represents the same spectral profile for SQ-
1and SQ 1 (PC) in 0.1 M phosphate buffer at pH 7.4
and concentration of 10 uM, dotted line represents
the emission spectra corresponding solutions in all
of the cases.

It is interesting to note here that there is a drastic
decrease in the fluorescence intensity associated
with SQ-1 for the dye-peptide conjugate as
compared to the pure dye SQ-1 having a similar
concentration (5 uM) and the same solvent (DMF).
This indicates that SQ-1 undergoes the fluorescence
guenching upon its conjugation with peptide under
investigation (SQ 1 PC). In general two basic
mechanisms have been proposed for the
fluorescence quenching. First is related to quenching
due to fluorescence resonance energy transfer
(FRET) while the second one is related to the
concentration dependent static internal quenching.
In the homo-dye labeled probes FERT based
quenching generally occurs when stoke shift is very
small allowing the sufficient overlapping between
the absorption and emission spectra of the dye [31].
On the other hand, in the case of static quenching,
there is a change in the spectral shape generally
blue-shift in the absorption maximum facilitated by
H-aggregate formation [32]. Although both of the
mechanism seems to be applicable to explain the
fluorescence quenching of SQ 1 PC considering the
large stoke shift and small spectral overlap
contribution from FRET-based quenching seem to
be small. At the same time, blue shifted absorption
and emission maxima which are highly pronounced
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in the case of phosphate buffer solution (PBS) as
shown in the Fig. 2 (c, d) clearly corroborates the
dominance of the second mechanism based on static
concentration  dependent  quenching.  Thus
considering the peak fluorescence intensities of dye
alone (SQ-1) and dye-peptide conjugate (SQ 1 PC),
fluorescence quenching efficiency was estimated to
be 73 % and 86 % in the DMF and PBS, respectively.

Fairly good internal self-quenching
fluorescence of dye SQ-1 after coupling with target
peptide was observed. This property of conjugate
enabled us to explore the application of dye-peptide
conjugate as enzyme activity detection based on
fluorescence ON bio-sensing. As discussed earlier,
Elastase enzyme recognition probe Ala-Pro-Ala
amino acid residue was chemically bound with the
free —.COOH group of SQ-1 by simple one pot
reaction. It can be seen from the structure of SQ 1
PC that two terminal amino acids B-Alanine and
Lysine have been introduced to solve the two
purposes. Firstly, they function as a spacer to
promote the access of Elastase enzyme towards the
target tripeptide Ala-Pro-Ala. Secondly, availability
of free amines allows dense incorporation of SQ-1
dye promoting the internal self-quenching. To
demonstrate this, 10 uM solution of this target dye-
peptide conjugate SQ 1 PC was subjected to
enzymatic hydrolysis using Elastase enzyme in
0.1M phosphate buffer at pH 7.4 and fluorescence
emission spectra were measured at different time
intervals as shown in the Fig. 3 (a). A perusal of this
figure clearly reveals that there was a pronounced
recovery of quenched fluorescence of the dye within
30 seconds and reached to saturation after 30 min
leading to about fivefold enhancement in the
fluorescence signal compared to that in the absence
of Elastase. This enhancement in the fluorescence
after enzymatic hydrolysis could be attributed to the
fact that dye-aggregate formation is promoted after
conjugation of SQ-1 with peptide in phosphate
buffer leading to the H-aggregate assisted efficient
fluorescence quenching. After the enzymatic
hydrolysis of the peptide bond, multiple copies of
dyes are released and attain the special separation
leading to the re-appearance of the dye fluorescence.
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Figure 3. Fluorescence emission spectra of the 0.1M
phosphate buffer solution of dye-peptide conjugate
(10 pM) at pH 7.4 as a function of time after the
addition of 21 nmol of elastase enzyme. Right hand
side figure (b) represents the change in fluorescence
intensity as a function of time with different
concentrations elastase for a fixed concentration of
dye-peptide conjugate (10 uM)

Considering the fluorescence intensities
before (control) and after enzymatic hydrolysis of
SQ 1 PC, quenching efficiency was estimated to be
81 %. This indicates such a simple and homo-
labelled dye-peptide conjugate based on internal
quenching is capable to efficiently detect the
enzymatic activity based on fluorescence ON bio-
sensing. Efforts were also directed to test this
designed dye-peptide conjugate by changing the
amount of Elastase enzyme (3 nmol to 21 nmol) for
a fixed concentration of this dye-peptide conjugate
(10 pM). Change in the fluorescence intensity as a
function of time, enzymatic hydrolysis was
monitored for different enzyme concentration and
has been shown in the Fig. 3(b). A perusal of this
figure also indicates that rate of fluorescence change
as a function of concentration is not much
significant. On the other hand, saturation
fluoresecence intensity after complete hydrolysis
exhibits clear and distinguishing change for
different concentrations of the Elastase. Therefore,
consideration of fluorescence intensity at saturation
seems to be more plausible for the quantitative
aspects of enzyme activity estimations using such
dye-peptide conjugate by the fluorescence-ON
biosensing. It can be seen that in all of the cases the
fluorescence intensities were reaching saturation
after about 25 min. of the enzymatic hydrolysis,
while there was completely no change in the case of
control that is in the absence of enzyme.

Overall we have demonstrated the NIR
fluorescence quenching promoted by enhanced dye
aggregation of dye-peptide conjugate and disruption
of this aggregation in the presence of enzyme led to
the facile detection of proteases based on
fluorescence ON bio-sensing. Although detection of
Elastase activity has been successfully demonstrated
in this work, such design and concept can be easily
implemented to any target protease by judicious

selection of suitable central peptide sequence
susceptible to the target enzyme under investigation.
Use of single fluorophore and its one-pot coupling
with target peptide sequence provide simplicity and
rapid profiling of various proteases. Such a concept
of  fluorescence-ON  biosensing based on
aggregation-induced fluorescence quenching and re-
appearance of fluorescence after enzyme hydrolysis
bears good potential in medical diagnosis based on
qualitative and quantitative estimation of enzymes.
Integration of such dye-peptide conjugates with
microarray technology is expected to tremendously
enhance the throughput of analysis. Utilization of
such dye-peptide conjugate for microarray
application has been schematically shown in the Fig.
4. Amine functionalization of glass surface has been
widely studied along with the report of very high
density amine functionalization using 3-amino
propyltriethoxysilane (APTS) by Bayer et. al [33]. It
can be easily seen from the Fig. 4 (b) that free —
COOH group in our proposed dye-peptide conjugate
can be easily obtained after the O-benzyl group
deprotection which is now ready to couple with free
amine group of amine functionalized glass surface
(&) making glass surface-bound dye-peptide
conjugate (c). Thus we can attach various kinds of
such molecular probes on a single glass surface in
microarray format. At the same time, use of
wavelength tunable squaraine dyes in such dye-
peptide conjugate system not only imparts the
widespread design of molecular probes but also
provide the capability of efficient and simultaneous
multi-target protease analysis facilitated by multi-
wavelength fluorescence ON biosensing.
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Figure 4. Schematic representation for application
of proposed dye-peptide conjugate in peptide
microarray for enzyme detection based on
fluoresecence-ON  biosensing.  (8)  Amine
functionalized glass surface after treatment of glass



with APTS (b) dye-peptide conjugate and (c) glass-
surface modified with dye-peptide conjugate.
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