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We report the facile detection of a pancreatic cancer biomarker
a-chymotrypsin  (Chy) by turn-on, time-gated lanthanide
luminescence for the first time. To the best of our knowledge, the
non-peptide probe we designed is the simplest one currently
available. The probe undergoes Chy-induced release of the
sensitizing antenna (2,3-dihydroxynaphthalene), leading to enhanced
lanthanide luminescence. The detection protocol was further
modified to develop a paper-based sensor and was used to detect

Chy in commercial tablets, and to rapidly screen Chy-inhibitors.

o-Chymotrypsin (Chy) is a well-known peptidase associated
with protein digestion, cell proliferation, gene expression,
cystic fibrosis, necrosis, inflammatory arthritis, and apoptosis
of digestive proteins."” It preferentially cleaves peptide amide
bonds or small ester substrates where the N-terminus to the
scissile amide/ester bond is a large hydrophobic amino acid
(Tyr, Trp, and Phe).> The enzyme has been used to treat
rhinitis, pharyngitis, otorhinolaryngologic diseases, lung
abscesses, tissue repair, sinusitis, redness, and for reduction
of swelling in various situations like infection and surgery.!
An abnormal expression of Chy, on the other hand, could lead
to pancreatic fibrosis, diabetes mellitus,” hyperinsulinemia,®
Crohn's Disease,” maldigestions, and pancreatic cancer.™® It
has been recognized as a potential biomarker for pancreatic
function studies.*®° Therefore, developing a simple analytical
protocol for detecting and quantifying chymotrypsin activity is
important in clinical diagnostics, drug discovery, and therapy
of associated disorders.'®

Among the previously reported analytical protocols,
enzyme-linked immunosorbent assay (ELISA) and Western
blot methods are less attractive because of their higher cost
and time-consuming protocols. Peptide substrates'>'* used
in colorimetric and fluorimetric assays require special storage
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to prevent rapid degradation. Non-peptide probe-based
fluorescence-sensing of Chy has recently received much
attention due to the greater intrinsic sensitivity of
fluorescence technique and simple synthetic procedure of
non-peptide molecules (Table 1)."*2°

Table 1 Literature reports of fluorometric & colorimetric probes

Sensing method Probe structure Ref.
Fluorescent & colorimetric &) P 16
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Scheme 1 Non-peptide substrate 1 for Chy.

However, interference (autofluorescence) from
endogenous components and background scattering in
biological samples may obscure the output signal.

In this context, lanthanide luminescence-based sensors
with long radiative lifetimes and large Stokes shift are more
advantageous since they allow time-gated luminescence
measurement which eliminates short-lived fluorescence from
biological systems.>®

Our group has developed a non-covalent lanthanide
sensitization approach without tedious synthesis.”’ > An
appropriate antenna (2,3-dihydroxynaphthalene for Tb*")
doped in lanthanide cholate hydrogels enhanced the
corresponding lanthanide luminescence in the gel matrix.
When covalently modified with enzyme-cleavable groups, the
resulting masked-sensitizer (termed as ‘pro-sensitizer’) did
not sensitize the lanthanide.>*?* Only in the presence of the
appropriate enzyme, the pro-sensitizer was cleaved, with the
released sensitizer enhancing lanthanide emission.

In the present work, we have combined the advantages of
non-peptide probes and lanthanide-based pro-sensitizer
strategies to develop a sensor for o-chymotrypsin. We
reasoned that a bis-phenylalanine ester derivative of
2,3-dihydroxy naphthalene (1) could be the simplest non-
peptide substrate that would not sensitize Tb*". Furthermore,
if o-chymotrypsin cleaves the substrate completely, the
liberated 2,3-dihydroxynaphthalene will trigger Tb(m)
sensitization (Scheme 1). This was indeed observed in
practice. A paper-based protocol was subsequently explored to
develop a low-cost, paper-based sensor. To the best of our
knowledge, this work represents the first example of a time-
gated detection of Chy using lanthanide luminescence and
one of the rare examples of its paper-based sensing. To date,
there is only one report of a paper-based flow sensor for
detecting chymotrypsin and its inhibitors which utilized the
viscosity change of gelatin.*®

Pro-sensitizer 1 was easily synthesized (Scheme S1f) by
esterification of the two hydroxyl groups of 2,3-DHN with
N-Ac-1-Phe. Tb-cholate gels were prepared by simply mixing
equal volumes of Tb acetate (10 mM) and Na cholate (30
mM) solutions and sonicating the mixture for 3-5 s. When
2,3-DHN (37.5 uM) was doped in the gel, it showed bright
green emission under UV lamp (365 nm). On the other hand,
Tb-cholate gel doped with probe 1 (37.5 uM) was non-
luminescent under the UV lamp. A time-dependent
luminescence profile showed that the luminescence intensity
of Tb(m) in the presence of pro-sensitizer 1 remained
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constant even after incubation at 25 °C for 60 min. The same
gel, in the presence of 2.5 pg mL™" of a-chymotrypsin,*®
developed a bright green emission, with the intensity
increasing with time (Fig. S4t1). Control experiments
performed with denatured o-chymotrypsin (90 °C/20 min)
showed no luminescence enhancement, indicating that
luminescence  enhancement was indeed due to
o-chymotrypsin action (Fig. S71). Time-delayed excitation
spectra showed a new band with A, at 335 nm (Fig. S3af),
like the absorption band of DHN (Fig. S1f), only in the
presence of Chy, providing further evidence that the enzyme
action released free DHN. Simulated binding modes of probe
1 in the active site of a-chymotrypsin were analysed and the
mode with the most interactions is shown in Fig. 1. The ester
carbonyl of 1 interacts with Ser-195 (which is expected to
facilitate the nucleophilic attack on the substrate) in the
site. The affinity calculated from the docking
experiment was found to be —11.1 keal mol ™.

AFM images of 1-doped TbCh gel with or without enzyme
incubation (30 min) indicated that the gel fibres were intact
even upon enzyme action on the substrate. Clearly, Chy did
not affect the gel morphology (Fig. 2) suggesting the gel's
robustness and stability (Fig. 3).

To optimize the assay, two methods were tested. In
method 1, the enzyme assay was carried out in the gel
medium wherein both the stock solutions of Chy and
substrate 1 were prepared in 30 mM sodium cholate
solutions, and simple mixing of the two solutions with 10
mM aqueous Tb(OAc); formed a gel that was incubated at
25 °C for 20 min. The gel turned luminescent with time,

active

b)

17.3nm 15.4nm

Fig. 2 AFM images of (a) 1 doped TbCh gel (b) (1 + enzyme incubated
at 25 °C for 30 min) doped TbCh gel.
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Fig. 3 Lineweaver-Burk plot for a.-chymotrypsin assay.

indicating the release of DHN upon the enzyme action. In
method 2, both the stock solutions of Chy and 1 were
prepared in 30 mM sodium cholate solution. This mixture
was incubated at 25 °C, then mixed with 10 mM Tb(OAc);
to form the gel, which was luminescent indicating the
formation of DHN.

Both methods involved incubation at 25 °C. Method 1
being more straightforward (enzyme incubation and gel
processing in a single step) was followed for enzyme activity
measurements. The K, value was found to be 85 uM,
comparable with previous reports (Table S1tf). The lower
value of Ky, denotes significant affinity of o-chymotrypsin
towards the synthetic non-peptide substrate.

To check the selectivity of the assay, compound 1 was
incubated with o-chymotrypsin and several other enzymes
such as lipase, urease, p-glucuronidase, trypsin, and
alkaline  phosphatase = that could co-exist with
a-chymotrypsin in biological samples. Tb(m)-luminescence
enhancement was observed only with a-chymotrypsin, and
no luminescence changes could be detected with other
enzymes even when the interfering enzyme concentration
was 25-fold higher (Fig. 4).

The limit of detection (LOD) for Chy calculated using the
formula LOD = 30/b (¢ = standard deviation of the signal
obtained from the blank and b = slope of the titration plot)
were found to be 0.014 U mL ™" and 0.037 U mL™*, for method
1 and method 2, respectively (Fig. 5). The response was
generated within 15 min, indicating the assay's sensitivity,
selectivity, rapidness, and practicality.

O

ALP Beta-gluco Urease Lipase TrypsirChymotrypsin
Selectivity Study

Extent of sensitization @A, 545 nm, A,, 335 nm
© = N W b OO N O

Fig. 4 Extent of emission enhancement at 545 nm (lex 335 nm) after
incubating 1 with Chy (0.4 U mL™) and other enzymes (10 U mL™) for
30 min at 25 °C. Final incubation concentration of 1 was 37.5 uM.
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Fig. 5 Emission at 545 nm (lex 335 nm) for a-chymotrypsin assay a)
method 1 and b) method 2.

A rapid enzyme assay should be ideally suited for rapid
screening of inhibitors, and we have explored this possibility
too. 1-Naphthol, a known inhibitor*” of a-chymotrypsin is
associated with reduced testosterone levels in adult men.*” It
is a metabolite of carbaryl and naphthalene that is an
intermediate in the metabolism of xenobiotics by cytochrome
P450. The ICs, value for 1-napthol calculated using our
methodology was 0.58 mM (Fig. S127). Further refinement of
our gel-based assay using 1 can lead to rapid screening of
o-chymotrypsin inhibitors and may greatly help drug
discovery processes and detailed enzyme activities in real
systems in the presence of potentially interfering
metabolites.

To further improve the protocol, we have designed paper-
based sensors.**** TbCh hydrogel (5/15 mM) doped with the
pro-sensitizer 1 (37.5 uM) was stabilized at RT for 10 min,
sonicated again (5-6 s) to reduce its viscosity. A 20 uL aliquot
of this weak gel was drop casted on 3.5 mm diameter discs
cut from Whatman 3 paper using a standard one-hole punch.
The paper absorbed the gel in 30 min and was transferred to
a 96-well plate. a-Chymotrypsin solution (10 pL, prepared in
NaCh) was added on each disc, and emission measurements
were recorded using a plate reader after 15 min of air drying.
The LOD using this paper-based strategy was found to be 330
ng mL™" or 0.012 U mL™ (Fig. 6a). This value is comparable
to previous literature-reported values (Table S2f). The
presence of Chy in a commercial tablet was readily detected
using the paper-based method (Fig. 6b). One essential
criterion for a sensor to smoothly reach end-users is its low
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Fig. 6 (a) LOD measurement for paper-based a-chymotrypsin assay,
(b) detection of Chy in a commercial tablet.
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cost which generally reflects its practicability in the real
diagnostic field. In resource-limited areas, such a protocol
can be very useful where fully equipped lab facilities are
unavailable. Material cost for our developed paper-based
sensor was calculated and was estimated to be less than GBP
0.01 for a single paper disc.

In conclusion, we developed an innovative luminogenic
supramolecular framework for highly selective and sensitive
sensing of o-chymotrypsin. A non-peptide-based small-
molecule probe was designed, which released the sensitizer
molecule upon the action of Chy. As the sensing strategy
involved time-gated luminescence of sensitized Tb(m), it has a
competitive advantage over the prevalent methodologies that
commonly employ fluorogenic probes. The technique was
subsequently utilized in the testing an inhibitor of
o-chymotrypsin. Furthermore, the gel's soft, solid-like
characteristics facilitated enhanced immobilization on a
passive substrate like paper, thus leading to the development
of a simple, inexpensive paper-based sensor. This marks the
first demonstration of merging the benefits of both paper-
based sensing technologies and a delayed luminescence output
for a-chymotrypsin assay. Considering these attributes, this
probe framework emerges as an appealing prospect for
forthcoming analytical applications in drug exploration and
the clinical diagnosis of ailments related to the pancreas in
pharmaceutical and pathological investigations.*
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A detailed validation with clinical samples will be published
after completing the assay-development of other relevant
enzymes for whole pancreatic function studies.
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