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Expanding the scope of self-assembled
supramolecular biosensors: a highly selective
and sensitive enzyme-responsive AIE-based
fluorescent biosensor for trypsin detection
and inhibitor screening†
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Sheshanath V. Bhosale c and Prabhat K. Singh *ae

Trypsin, a pancreatic enzyme associated with diseases like pancreatic cancer and cystic fibrosis, requires

effective diagnostic tools. Current detection systems seldom utilize macrocyclic molecules and

tetraphenyl ethylene (TPE) derivative-based supramolecular assemblies, known for their biocompatibility

and aggregation-induced emission (AIE) properties, for trypsin detection. This study presents an

enzyme-responsive, AIE-based fluorescence ’Turn-On’ sensing platform for trypsin detection, employing

sulfated-b-cyclodextrin (S-bCD), an imidazolium derivative of TPE (TPE-IM), and protamine sulfate (PrS).

The anionic S-bCD and cationic TPE-IM formed a strongly fluorescent supramolecular aggregation

complex in an aqueous buffer. However, PrS suppresses fluorescence because of its strong binding

affinity with S-bCD. The non-fluorescent TPE-IM/S-bCD/PrS supramolecular assembly system exhibits

trypsin-responsive properties, as PrS is a known trypsin substrate. Trypsin restores fluorescence in the

TPE-IM/S-bCD system through the enzymatic cleavage of PrS, correlating linearly with trypsin catalytic

activity in the 0–10 nM concentration range. The limit of detection is 10 pM. This work contributes

to the development of self-assembled supramolecular biosensors using charged TPE derivatives and

b-cyclodextrin-based host–guest chemistry, offering an innovative fluorescence ‘Turn-On’ trypsin

sensing platform. The sensing system is highly stable under various conditions, selective for trypsin, and

demonstrates potential for biological analysis and disease diagnosis in human serum. Additionally, it

shows promise for the screening of trypsin inhibitors.

1 Introduction

Supramolecular self-assembling systems that are responsive to
enzymatic actions have been exploited as a class of materials
for the detection of biological analytes, such as enzymes.1–5

Such enzyme-responsive assembly systems are highly specific
and efficient, with excellent biocompatibility to external

environmental stimuli such as temperature, pH, ionic strength,
and light.6,7 Therefore, owing to their various merits, enzyme-
responsive self-assembly systems are used for various applications,
for example, sensing of biological molecules, drug delivery, and
theragnostics.5,8–13 A self-assembly system that is responsive to
enzymatic activity typically consists of two primary components:
(1) an enzyme-specific substrate/substrate site containing mole-
cule. (2) A molecular assembly system/structure that changes its
properties owing to enzymatic action. Therefore, the molecular
assembly components that can undergo various types of interac-
tions, such as hydrogen bonding, ionic interactions, p–p stacking,
etc., are strongly recommended for fabricating enzyme-responsive
supramolecular systems.5,14–18 In this regard, non-covalent
interaction-dependent assembly systems have gained consider-
able attention.17–21 Surface-modified macrocyclic structures,
such as cyclodextrins, are particularly noteworthy for their
potential use in constructing non-covalent interactions through
aggregation/disaggregation assembly systems. This is due to
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their desirable qualities, such as low cost, high charge density,
biocompatibility, and solubility.2,22–24 In this regard, fluoro-
phores named aggregation-induced emission-based lumino-
gens (AIEgens), discovered by Tang and group,25 exhibiting
AIE, are suitable co-component molecules to construct non-
covalent supra-molecular assembly constructs. The AIEgens
themselves show almost negligible emission in the solution
at low concentrations; however, a strong emission enhance-
ment known as AIE is reported upon aggregation induced by
the oppositely charged co-component. The phenomenon of AIE
is based on the fact that intramolecular rotational movements
of AIEgens are hindered in the aggregated state26 AIE activable
bioprobes have been reported in the literature that emphasizes
their high selectivity, sensitivity, and signal-to-noise ratio,
which results in their various biosensing applications.27–32

Many diseases are associated with abnormal enzyme expres-
sion, such as hepatopathy, Alzheimer’s disease, pancreatitis,
etc.33,34 In this regard, trypsin is also an essential enzyme and
disease biomarker.35,36 Trypsin (Enzyme Commission Number
3.4.21.4.) catalytically breaks down the peptide bond on the
carboxyl-terminal side of the cationic amino acids, arginine
and lysine. Trypsin is a beneficial enzyme with remarkable
advantages in many fields, such as proteomics, food bio-
technology, biomedicines, immunology, and fundamental
research.37–41 The average concentration of trypsin in human
serum is 115–350 ng mL�1, however, abnormal expression of
trypsin is an indicator of many diseases, for example, pancrea-
tic cancer, cystic fibrosis, biliary cirrhosis, and pancreatitis.42–46

Therefore, developing specific and sensitive strategies for tryp-
sin detection is of great significance. While there are multiple
techniques for detecting trypsin, most of these methods rely on
traditional strategies such as enzyme-linked immunosorbent
assays, gelatine film, electrochemistry, piezoelectric methods,
surface plasmon resonance, and colorimetry.36,47–52 Previous
methods for detecting trypsin have faced several challenges,
including complex designs, high costs, the need for advanced
equipment, limited sensitivity, long processing times, and
susceptibility to environmental factors. For instance, Surface
Plasmon Resonance (SPR) based sensors detect trypsin by
measuring changes in refractive index when an analyte binds
to a bio-recognition unit immobilized on SPR probe. A draw-
back of this technique is its reliance on covalent modifications
to the substrate, which can lower enzyme activity, impacting
the specificity and sensitivity of the detection. Similarly,
Fluorescence Resonance Energy Transfer (FRET) based methods
are affected by external conditions like metal ions, pH, and
temperature. Additionally, selecting suitable donor and accep-
tor molecules for a FRET system can be difficult. The Enzyme
Linked Immunosorbent Assay (ELISA), another traditional
method, uses specific antibodies to detect proteins or analytes
in a liquid medium. However, ELISA involves both primary and
secondary antibodies against the antigen, making it costly and
complex. Therefore, there is an evident demand for constructing
more easy-to-monitor, direct, cheap, rapid, and sensitive sensing
platforms. Interestingly, advanced strategies based on enzyme-
responsive macrocyclic molecule-driven supramolecular assembly

have seldom been used to develop trypsin detection platforms.53–55

This manuscript presents an innovative study that integrates
enzyme-responsive assembly systems with aggregation-induced
emission (AIE) technology for the detection of trypsin, a novel
approach that is scarcely represented in existing literature.
By integrating the specificity of enzyme–substrate interactions
with the enhanced sensitivity offered by AIE, our method
presents a significant improvement over conventional biosen-
sing techniques. The creation of a supramolecular probe via the
self-assembly of a cationic AIEgen with an anionic macrocyclic
molecule, alongside its proven selectivity and sensitivity within
complex biological matrices, underscores the innovative con-
tributions of this manuscript. The system uses a cationic
AIEgen, specifically the imidazolinium derivative of tetraphe-
nylethylene (TPE-IM), along with an anionic macrocyclic mole-
cule known as sulfated-b-cyclodextrin (S-bCD), which contains
sulfate groups at the lower and upper rims, and polycationic
protamine sulfate (PrS), which is a natural substrate of trypsin.

The supramolecular probe is constructed by the electrostatic
interaction-based self-assembly of TPE-IM and S-bCD to form a
TPE-IM/S-bCD supramolecular aggregation complex. Subse-
quently, the TPE-IM/S-bCD supramolecular aggregation dissoci-
ates in the presence of the cationic polyelectrolyte protamine
(PrS), which is abundant in positive charges and rich in
arginine. Protamine is also a natural substrate for the enzyme
trypsin. Thus, the TPE-IM/S-bCD/PrS-based supramolecular
assembly system is found to be responsive to trypsin because
of the specific action of trypsin on protamine (PrS). Therefore,
the current paper demonstrates the development of a
simple, sensitive, and specific fluorescence ‘Turn-On’ enzyme-
responsive supra-molecular assembly/disassembly-based strat-
egy for trypsin detection. In principle, as shown in Scheme 1,
a cationic AIEgen, TPE-IM shows a substantial enhancement in
fluorescence emission in the presence of an anionic macro-
molecule, S-bCD, due to electrostatic interactions and subse-
quent aggregation, leading to AIE of TPE-IM. However, a
fluorescence ‘Turn-Off’ signal is observed on adding cationic
polyelectrolyte protamine sulfate (PrS), due to predominantly

Scheme 1 (A) Schematic representation of the working mechanism of
the trypsin sensor (B) chemical structure of TPE-IM and S-bCD.
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stronger interactions between S-bCD and PrS, which lead to the
formation of S-bCD/PrS complex and the release of free TPE-IM
in the solution that yields a decrease in emission intensity
(Turn-Off). Finally, trypsin-dependent specific digestion of PrS
at the carboxyl-terminal of arginine leads to the disintegration
of the S-bCD/PrS aggregation complex and allows reformation
of the TPE-IM-/S-bCD aggregation complex, which restores
fluorescence. Hence, a fluorescence ‘Turn-On’ signal is obtained
in response to trypsin. Thus, the TPE-IM/S-bCD/PrS system allows
for the quick, sensitive, and specific detection of trypsin. The
potential stability of the current sensing system has been moni-
tored in different environments by changing the temperature, pH,
ionic strength, etc. The selectivity of enzyme-responsive supramo-
lecular assembly system towards trypsin has been demonstrated in
the presence of various other proteins and enzymes. Finally, the
potential applicability of the proposed sensing system has been
demonstrated in real human serum samples.

2. Experimental section
2.1 Materials and chemicals

All chemicals, unless specified, were purchased from Sigma
Aldrich and used without further purification. The imidazoli-
nium derivative of tetraphenylethylene (TPE-IM) was synthe-
sized following a detailed procedure outlined in the ESI†
(Fig. S1) based on previously reported methods.56 The concen-
tration of TPE-IM used in all experiments was accurately
determined using its molar absorptivity B21 400 M�1 cm�1 at
294 nm. Trypsin, sodium salt of sulfated b-cyclodextrin (degree
of substitution B12 to 14), benzamidine hydrochloride, prota-
mine sulfate, sodium chloride, pepsin, glucose oxidase, horse-
radish peroxidase, choline oxidase, bovine serum albumin,
lysozyme, hemoglobin, alkaline phosphatase, Tris–HCl, and
other salts were purchased from Sigma Aldrich. A 10 mM
Tris–HCl buffer solution (pH 8.2) was prepared to conduct all
experiments at room temperature. The concentration of TPE-
IM was maintained at B19 mM unless stated otherwise.
All measurements were performed in triplicate to ensure repro-
ducibility, with error bars representing the standard deviation.

2.2 Spectroscopic measurements

Fluorescence and absorption spectroscopy. The fluorescence
and UV-Vis absorption spectra were recorded using a fluori-
meter (model FP-8500, Jasco) and a UV-Vis spectrophotometer
(model V-650, Jasco), respectively. Measurements were con-
ducted at 25 � 1 1C in a quartz cuvette with a 1 cm path length.
The pH of the Tris buffer was adjusted as required using dilute
HCl or NaOH solutions.

Time-resolved fluorescence spectroscopy. The fluorescence
decay traces for excited-state lifetime measurements were
collected using an IBH instrument (UK) based on the time-
correlated single-photon counting (TCSPC) principle, as
explained elsewhere.57–60 Fluorescence decay data were col-
lected using a 374 nm picosecond diode laser (100 ps, 1 MHz)
as the excitation source. The instrument response function

with B150 ps was determined by measuring the titanium
dioxide (TiO2) scattering solution. The experimental data were
analyzed using data analysis software (DAS-6) and fitted to tri-
exponential decay models. The quality of the fitted data was
assessed based on a reduced chi-square (w2) value close to one,
which indicates a random distribution of the weighted resi-
duals around the zero line across data channels.

The following equation of the multi-exponential function
was used to fit the time-resolved fluorescence decay traces.

IðtÞ ¼ Ið0Þ
X

ai exp �t=tið Þ (1)

The average fluorescence lifetime (t) was calculated using
the following equation,61

tavg ¼
X

Aiti where Ai ¼ aiti
.X

aiti (2)

where ai represents the amplitude of the individual decay
constants.

2.3 Enzyme kinetics study

Trypsin activity assay. The activity of trypsin was evaluated
by monitoring the fluorescence restoration in the TPE-IM/S-
bCD system upon enzymatic cleavage of protamine sulfate
(PrS). The assay was conducted by mixing TPE-IM, S-bCD, and
PrS in Tris buffer, followed by the addition of trypsin under
constant stirring. Fluorescence measurements were taken at
fixed intervals using an excitation wavelength of 350 nm and
emission wavelength of 475 nm, with slit widths set to 2.5 nm
for both excitation and emission. The inhibitory effects of
benzamidine on trypsin activity were assessed under similar
conditions by pre-incubating the TPE-IM/S-bCD/PrS complex
with varying concentration of the inhibitor prior to the addition
of trypsin.

Selectivity and interference studies. To evaluate the selectiv-
ity of the biosensor for trypsin, various enzymes and proteins
were added to the TPE-IM/S-bCD/PrS complex, and the changes
in fluorescence were recorded immediately. These experiments
aimed to demonstrate the specificity of the sensing system
towards trypsin over other biological molecules.

2.4 Morphological characterization

Field-emission scanning electron microscopy (FESEM) was
performed using an FEI Nova NanoSEM 450 to analyze the
morphology of the TPE-IM/S-bCD aggregates. Samples were
prepared by drop-casting the TPE-IM/S-bCD solution onto
silicon wafers and allowing them to dry under ambient condi-
tions before imaging.

2.5 Rationale for experimental choices

Selection of TPE-IM concentration. The selection of the
19 mM concentration for tetraphenylethylene imidazolium
(TPE-IM) was based on optimizing fluorescence intensity
against system stability. This concentration was chosen to
maximize the fluorescence of the TPE-IM/S-bCD complex,
avoiding the self-quenching and reduced fluorescence observed
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at higher concentrations, which could compromise trypsin
detection sensitivity and specificity.

Selection of S-bCD concentrations. The selection of S-bCD
concentrations (5 mM) was made by studies aiming to optimize
the TPE-IM/S-bCD assembly for trypsin detection, focusing on
the formation of complex, stability, and its impact on biosensor
sensitivity. We varied S-bCD concentrations in steady-state
fluorescence experiments to find an optimal range that maxi-
mizes fluorescence enhancement, starting from lower levels to
identify the formation threshold of the TPE-IM/S-bCD complex
and increasing concentrations to determine the saturation
point for fluorescence response.

Selection of PrS concentrations. The 4.5 mM concentration of
protamine sulfate (PrS) was chosen for its role in modulating
biosensor fluorescence via competitive binding with S-bCD,
crucial for the ‘Turn-Off’ and ‘Turn-on’ responses related to
trypsin activity. Optimal concentration was determined through
titration to ensure a significant, reversible fluorescence change,
with lower concentrations leading to weak ‘Turn-off’ effects and
higher concentrations potentially saturating the system and affect-
ing fluorescence recovery post-trypsin addition.

3. Results and discussion
3.1 Fluorescence ‘Turn-On’ assembly of TPE-IM/S-bCD

Fig. 1(A) displays the steady-state fluorescence spectra of TPE-
IM in aqueous buffer with varying concentrations of S-bCD
present in the solution. As shown in Fig. 1(A), the emission
intensity of TPE-IM increases in the presence of various con-
centrations of the S-bCD solution. A substantial emission
enhancement of TPE-IM (B86 fold) is observed in the presence
of nearly 5 mM S-bCD in the solution containing TPE-IM. As
shown in the inset of Fig. 1(A), a linear increase in the emission
intensity of TPE-IM at 475 nm was observed with increasing
concentration of S-bCD. This kind of fluorescence enhancement of

AIEgens has previously been reported to be due to aggregation
induced by charged derivatives of macrocyclic host molecules, such
as anionic derivatives of cyclodextrins.20,62 It has been deduced
from previous reports that charged cyclodextrins cause charge
neutralization of cationic AIEgens and lead to their aggregation.
The free state of tetraphenylethylene (TPE) derivatives has a very
weak emission intensity because of the free intramolecular rota-
tions that cause non-radiative de-excitation of their excited states.
However, charge neutralization, which causes the aggregation of
positively charged TPE molecules on the surface of oppositely
charged cyclodextrin derivatives, prevents the fluorescence quench-
ing of free TPE derivatives because of restricted intramolecular
rotations in the aggregated state.63 The AIEgen, in the present case,
TPE-IM molecules carry positively charged imidazolium groups;
thus, there is a natural probability for electrostatic interactions
between cationic TPE-IM and anionic S-bCD, due to which charge
neutralization occurs for TPE-IM, subsequently leading to the
aggregation of TPE-IM molecules in the presence of S-bCD. This
leads to the aggregation-induced emission enhancement of TPE-
IM, as shown in Fig. 1(A).

To further support the results obtained from steady-state
emission measurements, excited-state lifetime measurements
of TPE-IM have also been performed in the presence of various
concentrations of S-bCD, and the results are displayed in
Fig. 1(B). It is clear from the results of Fig. 1(B) that the free
TPE-IM, in the absence of S-bCD, displays a very fast decay trace
that is nearly pulse-limited (i.e., within the resolution of the
instrument), whereas the decay traces gradually becomes
slower with a gradual increase in the concentration of S-bCD.
The decay traces observed in our study were well-described by a
3-exponential function, with time constants (t) approximately
in the range of 0.02 ns, 1–1.2 ns, and 3.8–4.4 ns for population
components 1, 2, and 3, respectively. We attribute the faster
component (t1) to free TPE-IM in solution and the intermediate
(t2) and slow (t3) components to TPE-IM associated with S-bCD.
The amplitude of the fast decay component (A1) gradually
decreased with increasing concentration of S-bCD, while the
sum of the amplitudes of the slow decay components (A2 + A3)
increased and was well correlated (Fig. 2, inset). This nice
correlation of amplitudes suggests a gradual transformation
of the free form of TPE-IM to the aggregated form of TPE-IM
upon the addition of S-bCD. Previous reports have shown that
TPE molecules, known as molecular rotors, undergo efficient
conformational relaxation in the free monomeric form, which
causes a rapid decrease in the excited-state population of this
molecule.20,64,65 As previously described, the introduction of
anionic S-bCD into a solution containing cationic TPE-IM
molecules results in the formation of a TPE-IM/S-bCD aggregate
complex. In this aggregated state, the unrestricted intra-
molecular rotational movements of the TPE-IM molecules
become limited, leading to a slower excited-state relaxation as
S-bCD is gradually added. This observation aligns with the
findings of steady-state emission measurements.

To further support the above results and investigate the
influence of S-bCD on TPE-IM aggregation, ground-state
absorption measurements have also been performed, and the

Fig. 1 (A) Steady-state fluorescence spectra of TPE-IM (19 mM, lex =
350 nm) were measured at different concentrations of S-bCD (mM) as
follows: (1) 0, (2) 1.7, (3) 2.7, (4) 3.2, (5) 3.7, (6) 4.2, (7) 4.6, and (8) 5.4. Inset:
Variation in emission intensity of TPE-IM at 475 nm in the presence of
different S-bCD concentrations. The error bars represents the standard
deviation (n = 3) (B) transient decay traces for TPE-IM (lex = 374 nm, lem =
475 nm, TPE-IM = 19 mM) at various concentrations of S-bCD (mM) (1) 0 (2)
0.075 (3) 0.100 (4) 0.150 (5) 0.250 (6) 0.740, where the instrument
response function (IRF) is denoted by the dotted black line. Inset: Variation
in the amplitudes a1 (square) and a2 + a3 (circle) with increasing S-bCD
concentrations.
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results are displayed in Fig. S2 (ESI†). Fig. S2 (ESI†) displays a
broad absorption maximum in the 330–350 nm range. As the
concentration of S-bCD increases in the solution containing
TPE-IM, the absorbance at 330 nm increases. A saturation
behavior is achieved at B6 mM of S-bCD. It should be noted
that a simultaneous increase in absorbance offset at the longer
wavelength is also observed, supporting the proposal of aggre-
gation of cationic TPE-IM molecules induced by anionic
S-bCD.65 Thus, in the present case, it can be suggested that
S-bCD induces aggregation of TPE-IM molecules. To further
support the aggregation of TPE-IM molecules in the presence of
S-bCD, we have also collected excitation spectra for both TPE-
IM and the TPE-IM/S-bCD complex (Fig. S3, ESI†). These
spectra further corroborate our findings, showing a marked
increase in emission intensity for the TPE-IM/S-bCD complex
compared to TPE-IM alone. These spectral data clearly illustrate
the aggregation-induced emission characteristics of our
system. In addition, we have also characterized the aggregation
using The field emission scanning electron microscopy
(FE-SEM) measurements (Fig. S4, ESI†). FE-SEM image depicts
a highly dense and homogeneous aggregation of particulates,
which is consistent with the formation of an aggregation
complex between TPE-IM and S-bCD. The homogeneity of the
aggregation pattern across the observed field suggests a con-
sistent interaction between the TPE-IM dye and the sulfated
cyclodextrin, leading to the formation of a supramolecular
assembly. The morphology of the aggregates, which lack any
well-defined shape or size, implies that the aggregation process
leads to irregularly shaped, amorphous complexes rather than
to crystalline or highly ordered structures.

3.2 Environmental influence on TPE-IM/S-bCD assembly
complex

3.2.1 Effect of ionic strength. The effect of the ionic
strength of the medium is often investigated for non-covalent
complexation systems where electrostatic interactions are
assumed to participate. The present system under investigation
is one such case in which tetra-cationic TPE-IM and poly

anionic S-bCD are assumed to undergo strong electrostatic
interactions, in addition to other non-covalent interactions.
Thus, to understand the effect of salt on the present complexa-
tion, steady-state emission measurements of the TPE-IM/S-bCD
complex have been recorded in the presence of 0–30 mM NaCl,
and the results are displayed in Fig. 2(A). As shown in Fig. 2(A),
there is a gradual decrease in the fluorescence intensity of the
TPE-IM/S-bCD complex with increasing ionic strength of the
medium. It has previously been reported that high salt concen-
tration causes screening of non-covalent electrostatic interac-
tions between the ionic unit components of supramolecular
assemblies and hence, due to charge neutralization, it leads
to the disintegration of supramolecular complexes.20,66,67

Therefore, in the current scenario, it can be assumed that NaCl
causes screening of the electrostatic interactions between
cationic TPE-IM and anionic S-bCD, causing disintegration of
the TPE-IM/S-bCD complex. Consequently, the fluorescence
intensity of the TPE-IM/S-bCD complex diminishes as the ionic
strength increases, which is attributed to the liberation of free
TPE-IM molecules within the solution. In addition, the steady-
state emission measurements were corroborated by ground-
state absorption measurements. Fig. S5 in the ESI† displays
these results, revealing a decrease in absorbance for the TPE-
IM/S-bCD complex at 330 nm as the ionic strength increases in
the range of 0–30 mM.

To provide additional evidence for the ionic strength-
dependent steady-state emission measurements, excited-state
lifetime measurements of the TPE-IM/S-bCD complex were
conducted at varying NaCl concentrations, as illustrated in
Fig. 2(B). The results in Fig. 2(B) clearly demonstrate that the
excited-state decay traces of the TPE-IM/S-bCD complex pro-
gressively decrease as the NaCl concentration increases from
0 mM to 25 mM. The inset of Fig. 2(B) presents the amplitude
analysis of the decay components, which shows that the a1

(corresponding to t1, free TPE-IM) gradually increases with
increase in the concentration of NaCl in the solution, whereas
a2 + a3, corresponding to S-bCD templated aggregates of TPE-
IM, decreases with increase in concentration of NaCl in the
solution. This clearly indicates the conversion of TPE-IM aggre-
gates to their monomer form upon the addition of NaCl, which
can be attributed to the disassembly of the TPE-IM/S-bCD
aggregation complex to increase in the ionic strength of the
solution, leading to the release of rapidly rotating free TPE-IM
molecules in the solution. This kind of salt-induced breakage of
electrostatically driven supramolecular aggregate assembly has
also been reported earlier.22,68,69 Therefore, the assertion that
ionic interactions are vital in the formation of the TPE-IM/S-bCD
aggregation complex, as deduced from steady-state emission mea-
surements, can be substantiated by these time-resolved measure-
ments. The dependence on ionic strength highlights the role of
electrostatic interactions in the assembly process. However, this
also poses a challenge for using these assemblies in biological
samples, which usually have high ionic strength. Such a challenge
is common in systems that rely on electrostatic forces. A practical
way to overcome this problem is by diluting the biological samples
to reduce their ionic strength.

Fig. 2 (A) Steady-state fluorescence spectra of TPE-IM/S-bCD (TPE-IM =
19 mM, S-bCD = 5 mM, lex = 350 nm) at various concentrations of NaCl
(mM) (1) 0 (2) 2.5 (3) 5 (4) 10 (5) 15 (6) 17 (7) 19.4 (8) 22 (9) 24 (10) 29. Inset:
Changes in emission intensity at 475 nm in the presence of different
concentrations of NaCl. The error bars represents the standard deviation
(n = 3) (B) transient decay traces for TPE-IM/S-bCD (lex = 374 nm, lem =
475 nm, TPE-IM = 19 mM, S-bCD = 740 nM) at various concentrations of
NaCl (mM) (1) 0 (2) 12 (3) 15 (4) 17 (5) 20 (6) 25, where IRF is denoted by the
dotted black line. Inset: Variation in the amplitudes a1 (square) and a2 + a3

(circle) with the increase in NaCl concentration.
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3.2.2 Effect of temperature. Besides electrostatic interac-
tions, several other weaker non-covalent forces, such as hydro-
gen bonding, p–p interactions, dipole–dipole interactions,
and van der Waals forces, may also significantly contribute to
the formation of these supramolecular assemblies. These
weaker interactions, which aid in the assembly process, tend
to be sensitive to temperature changes. As a result, the supra-
molecular assembly may exhibit a temperature-sensitive
response when exposed to different temperatures. To examine
the impact of temperature on the TPE-IM/S-bCD complex,
steady-state emission spectra were collected, and the results
are presented in Fig. 3(A). It is evident from the results in
Fig. 3(A) that the fluorescence intensity decreased with increas-
ing temperature in the range of 20–70 1C. It is known that at
high temperatures, non-covalent interactions are disrupted,
resulting in decreased fluorescence intensity of supramolecular
aggregates due to the disintegration of the assembly
complex.19,70 Therefore, it can be assumed that the decrease
in the fluorescence intensity of the TPE-IM/S-bCD complex with
increasing temperature could be due to the weakening of the
non-covalent interactions between TPE-IM and S-bCD unit
components that causes disintegration of the TPE-IM/S-bCD
assembly system.

Furthermore, the ground-state absorption spectra of the
TPE-IM/S-bCD assembly complex also show a similar trend
in the reduction in absorbance at 330 nm with increasing
temperature, as shown in Fig. S6 (ESI†). The decrease in
absorbance can again be assigned to a gradual breakdown of
the TPE-IM/S-bCD assembly upon an increase in temperature
that causes the release of free TPE-IM in the solution. Conse-
quently, the turbidity of the solution decreases. Hence, the
scattering-dependent effect is reduced at high temperatures,
as evidenced by the decrease in the offset absorbance of the
TPE-IM/S-bCD complex (Fig. S6 (ESI†)). A similar observation
was made earlier for a supramolecular assembly upon applica-
tion of a temperature.70 The temperature-dependent effect on
the TPE-IM/S-bCD assembly system was further investigated by

performing excited-state lifetime measurements at various
temperatures (25–70 1C), and the results are shown in
Fig. 3(B). The results shown in Fig. 3(B) indicate that the decay
traces progressively became more rapid as the temperature of
the solution increased. The analysis of the decay traces suggests
that the increase in the temperature of the solution causes an
increase in the formation of the free form of TPE-IM, as
manifested by the increase in the amplitude of the shorter
component (a1). Concomitantly, the amplitude of the slower
components (a2 + a3), which represent the aggregate form of
TPE-IM, decreased with increasing temperature. These changes
can be explained by the fact that an increase in temperature
may increase the non-radiative molecular motions of TPE-IM
molecules due to the breakage of the non-covalent interaction
forces between TPE-IM and S-bCD molecules and the disasso-
ciation of the TPE-IM/S-bCD assembly system. A similar effect
of temperature on aggregation assembly has also been noted
previously.26,70 Thus, from the above temperature-dependent
studies, it can be concluded that non-covalent interaction
forces are involved in establishing a complex between cationic
TPE-IM and anionic S-bCD. The temperature-dependent analy-
sis of the TPE-IM/S-bCD complex reveals a clear correlation
between rising temperature and a decrease in fluorescence
intensity. This behavior is attributed to the disruption of non-
covalent interactions that are central to supramolecular assem-
blies. As the temperature increases, there is a pronounced
disintegration of the TPE-IM/S-bCD complex, evident from both
steady-state fluorescence and ground-state absorption spectra.
Transient decay measurements further corroborated this obser-
vation, with decay traces becoming progressively faster at
elevated temperatures. These measurements emphasizes the
critical role of non-covalent forces in the stability and behavior
of the TPE-IM/S-bCD complex, particularly under varying tem-
perature conditions.

3.2.3 Effect of pH. In order to determine the effect of pH on
the TPE-IM/S-bCD complex, steady-state emission spectra have
been obtained at different pHs 2–12, and the results are
presented in Fig. S7 (ESI†). Fig. S7 (ESI†) indicates that the
fluorescence intensity of the TPE-IM/S-bCD complex did not
show any drastic change at various pH levels, which could be
due to the lack of any titratable groups present in the TPE-IM or
S-bCD unit components in the given pH range. The pH-
dependent alterations in the TPE-IM/S-bCD complex were
further explored using ground-state absorption spectra, with
the findings presented in Fig. S8 (ESI†). The ground-state
absorption measurements of the TPE-IM/S-bCD complex exhib-
ited a similar trend across various pH values, reinforcing the
steady-state emission measurements. Consequently, the TPE-
IM/S-bCD assembly system can be utilized as a sensor assembly
under biologically relevant pH conditions.

3.3 Fluorescence ‘Turn-Off’ of TPE-IM/S-bCD assembly
complex by protamine sulfate (PrS)

With an intention to develop a sensing system for trypsin detection,
we investigated the effect of PrS, a poly cationic protein and a
natural substrate for trypsin, on the TPE-IM/S-bCD complex. As PrS

Fig. 3 (A) Steady-state fluorescence spectra of TPE-IM/S-bCD (TPE-
IM =19 mM, S-bCD = 5 mM, lex = 350 nm) at various temperatures
(1C) (1) 20 (2) 25 (3) 30 (4) 35 (5) 40 (6) 45 (7) 55 (8) 65 (9) 70. Inset:
Changes in the emission intensity at 475 nm at different temperatures. The
error bars represents the standard deviation (n = 3) (B) transient decay
traces for TPE-IM/S-bCD (lex = 374 nm, lem = 475 nm, TPE-IM = 19 mM,
S-bCD = 740 nM) at various temperatures (1C) (1) 25 (2) 30 (3) 40 (4) 50 (5)
60 (6) 70 where the IRF is denoted with dotted black line. Inset: Variation in
amplitudes a1 (squares) and a2 + a3 (circles) with increasing temperature.
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carries multiple positive charges, it may bind to multiple negative
charges bearing S-bCD and cause the disassembly of the TPE-IM/
S-bCD complex. To test this hypothesis, the fluorescence response
of the TPE-IM/S-bCD complex has been measured at different
concentrations of PrS, and the results are presented in Fig. 4(A).
Fig. 4(A) shows that, with the addition of different concentrations
of PrS, the emission intensity of the TPE-IM/S-bCD aggregation
complex decreased and was significantly quenched in the presence
of B4 mM PrS. It has been reported that PrS interacts electro-
statically with anionic molecules and, therefore, can disrupt aggre-
gated assembly systems.71,72

Therefore, in the current scenario, it can be assumed that in
the presence of PrS, the TPE-IM/S-bCD aggregation complex is
disrupted owing to the preferential polycationic and polyanio-
nic complexation between PrS and S-bCD. As a result, the
disintegration of the TPE-IM molecules from the TPE-IM/
S-bCD assembly is promoted. Hence, an almost negligible
fluorescence intensity was observed in the presence of PrS
due to the release of free TPE-IM molecules in the solution
(Fig. 4(A)). To corroborate the findings of the steady-state
emission experiments, excited-state lifetime measurements
were conducted, and the results are displayed in Fig. 4(B).
As shown in Fig. 4(B), the decay traces of the TPE-IM/S-bCD
complex exhibit an increasingly faster decay profile as the
concentration of PrS gradually rises. The analysis of the ampli-
tudes of the decay components is presented in the inset of
Fig. 4(B). Evidently, the amplitudes of the free form of TPE-IM
(a1) increase upon the addition of Protamine Sulfate (PrS),
whereas the amplitude for the aggregate form of the dye (a2 +
a3) decreases, and the variation of these amplitudes nicely
correlates with each other. This clearly suggests a protamine-
induced transformation of the aggregate from the TPE-IM/
S-bCD association complex to free TPE-IM. As previously
hypothesized, the introduction of positively charged PrS mole-
cules competed with TPE-IM molecules to form a complex with
S-bCD. This competition causes the disintegration of the
TPE-IM/S-bCD assembly complex, resulting in the creation of

a PrS/S-bCD complex and the release of free TPE-IM molecules
into the solution. Owing to the faster excited-state relaxation
associated with free TPE-IM molecules, the gradual disruption
of the TPE-IM/S-bCD complex led to a progressively faster decay
rate in the observed traces. Thus, the results of the excite-state
measurements corroborate those obtained from the steady-
state emission measurements. In Section 3.2.3, we have shown
that the behaviour of TPE-IM/S-bCD complex is largely unaf-
fected by pH changes within the range of 2–12. However,
introducing PrS might change this behavior. To address this,
we have conducted experiments examining the fluorescence
response of the TPE-IM/S-bCD complex in the presence of PrS
under various pH conditions (Fig. S9, ESI†). Our results show
that the fluorescence intensity of our system remains stable
across different pH levels, demonstrating its reliability even
when polyelectrolytes or proteins like PrS are present. This
stability is likely due to the nature of protamine, a biomolecule
rich in arginine with large cationic charge and an isoelectric
point between 12 and 13. Therefore, at pH levels below 12,
Protamine retains its positive charge, essential for its inter-
action with the negatively charged S-bCD, ensuring that the
response of the system stays consistent under pH 12.

3.4 Trypsin detection

After obtaining a PrS concentration-dependent response from
the TPE-IM/S-bCD supramolecular assembly, we intended to
obtain a trypsin concentration-dependent response from TPE-
IM/S-bCD/PrS system. For this purpose, the TPE-IM/S-bCD/PrS
system was subjected to various concentrations of trypsin, and
the results are presented in Fig. 5. As shown in Fig. 5(A),
recovery of the fluorescence of the TPE-IM/S-bCD/PrS complex
is observed in the presence of different trypsin concentrations,
which can be attributed to the disassembly of the S-bCD/PrS
complex that subsequently triggers the reassembly of the TPE-
IM/S-bCD aggregation system. It is well reported that trypsin-
specific cleavage of PrS into smaller fragments leads to the loss
of its polycationic nature. This, in turn, leads to the reduced
affinity of PrS fragments for S-bCD compared to tetra-cationic
TPE-IM. Therefore, in this study, it can be inferred that enzy-
matic cleavage of PrS leads to the re-aggregation of the TPE-IM/
S-bCD complex in aqueous buffer, resulting in an increase in
fluorescence intensity at 475 nm. Consequently, the TPE-IM/S-
bCD/PrS aggregation complex can be considered a promising
platform for trypsin detection. To determine the analytical
parameters of the TPE-IM/S-bCD/PrS complex assembly system
for trypsin detection, changes in the emission intensity at
475 nm were plotted against various trypsin concentrations
and linearly fitted. The results are shown in Fig. 5(B). The limit
of detection (LOD) for Trypsin using the TPE-IM/S-bCD/PrS
complex is 10 pM within a linear detection range of 0–10 nM.
This was determined using the linear regression equation
I(F � F0) = 273 [trypsin/nM] + 67, which yielded a regression
coefficient (R2) of 0.993. The LOD was calculated using the
formula 3s/s, where ‘s’ represents the slope obtained from the
fitted line, and ‘s’ corresponds to the standard deviation of ten
blank readings. Consequently, the TPE-IM/S-bCD/PrS complex

Fig. 4 (A) Steady-state fluorescence spectra of TPE-IM/S-bCD (lex =
374 nm) in the presence of various concentration of PrS: (1) 0 (2) 1.7
(3) 2 (4) 2.6 (5) 3 (6) 3.2 (7) 4.3. Inset: Changes in the intensity of TPE-IM at
475 nm in the presence of different PrS concentrations. The error bars
represents the standard deviation (n = 3) (B) transient decay traces for TPE-
IM/S-bCD (lex = 374 nm, lem = 475 nm, TPE-IM = 19 mM, S-bCD = 740 nM)
at various concentrations of PrS (mM) (1) 0 (2) 0.9 (3) 1.1 (4) 1.3 (5) 1.9, where
IRF is denoted by a dotted black line. Inset: Variation in the amplitudes a1

(squares) and a2 + a3 (circles) with increasing PrS concentrations.
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shows promise as a sensor probe for trypsin detection. Table 1
compares the LOD of the current detection method for trypsin
detection with other reported methods. As demonstrated in
Table 1, the sensitivity of the TPE-IM/S-bCD/PrS complex sys-
tem outperforms numerous previously reported methods.

3.5 Selectivity

The specificity of a sensing system is of paramount importance,
especially when the target analyte co-exists with other similar
entities. Therefore, we sought to evaluate the selectivity of the
TPE-IM/S-bCD/PrS complex towards trypsin as compared to
other enzymes and proteins. To this end, we recorded steady-
state emission spectra in the presence of a diverse set of
enzymes and proteins, including alkaline phosphatase (ALP),
bovine serum albumin (BSA), choline oxidase (ChOx), glucose
oxidase (GluOx), hemoglobin (Hb), horseradish peroxidase
(HRP), and lysozyme. Our observations, detailed in Fig. 6(A),
revealed that only trypsin demonstrated a distinct binding
affinity with the TPE-IM/S-bCD/PrS complex. This unique
interaction with trypsin facilitated the selective cleavage of
PrS. Following this cleavage, there is a consequential re-
aggregation of the TPE-IM/S-bCD complex, culminating in a
marked enhancement in fluorescence intensity. The molecular
basis of this selectivity can be attributed to specificity of tryptic
cleavage towards PrS. In conclusion, the TPE-IM/S-bCD/PrS system

exhibited remarkable selectivity for trypsin detection in aqueous
solutions. Such specificity, especially in the presence of potential
interferences, underscores the robustness of the system and its
promising application in complex biological environments.

3.6 Trypsin inhibition by benzamidine

Next, to determine and demonstrate the potential application
of the TPE-IM/S-bCD/PrS aggregation system to detect tryp-
sin inhibitors, a well-known natural inhibitor of trypsin,
benzamidine,82 was used as a model inhibitor, and the results
are shown in Fig. S10 (ESI†). It is evident from the results that
the fluorescence intensity of the TPE-IM/S-bCD/PrS/trypsin
complex decreased with time as the concentration of the
benzamidine compound increased in the solution (0–160
mM). Next, to measure the inhibitory effect of benzamidine,
the percentage inhibition of trypsin activity was evaluated as
the recovery of the emission intensity of the TPE-IM/S-bCD/PrS/
trypsin complex, and the results are shown in Fig. 6(B). The
percentage inhibition was calculated using the formula
(F0 � F)/F0, where F0 and F denote the fluorescence intensity
of the TPE-IM/S-bCD/PrS/trypsin system at the 1800th second in
the absence and presence of benzamidine, respectively. It is
visible from the results of Fig. 6(B) that trypsin activity is lost by
almost 490% upon the addition of 160 mM of inhibitor.
As benzamidine-dependent inhibition of Trypsin has already
been well studied,82 the above results demonstrate the

Fig. 5 (A) The enzymatic activity of trypsin was evaluated by measuring
the fluorescence decay of the TPE-IM/S-bCD/PrS complex (TPE-IM =
19 mM, S-bCD = 5 mM, PrS = 4.5 mM, lex = 350 nm) at 25 1C in 10 mM Tris
buffer (pH 8.2) at various trypsin concentrations (nM). (1) 0 (2) 1.6 (3) 2.8 (4)
4 (5) 6 (6) 10 (B). Change in the emission intensity of TPE-IM/S-bCD/PrS
(475 nm, 1800th s) in the presence of various trypsin concentrations. The
blue circles represent individual data points, whereas the solid black line
indicates a linear fit to these points. Error bars display the standard
deviation with three replicates (n = 3) for each data point.

Table 1 Comparison of various analytical parameters of the trypsin-sensing platforms

S. no. Probe/material LOD Linearity Incubation time Ref.

1 CuNPs/Cyt-C 42 ng mL�1 0.25–1000 mg mL�1 30 73
2 Fe3O4-PDA-HSA/anti-HSA CdTe QDs 0.25 mg mL�1 0.5–30 mg mL�1 60 74
3 Mn: ZnSe d-dots-Arg6 40 ng mL�1 0.1–12.0 mg mL�1 30 75
4 Arg6-FAM/graphene oxides 0.1 mg mL�1 0–10 mg mL�1 15 76
5 GSH-AuNCs 0.08 mg mL�1 0.2–100 mg mL�1 60 51
6 Poly-Arg polymer nanoparticles/graphene oxides 0.827 mg mL�1 0–25 mg mL�1 40 77
7 SPR 25.7 mg mL�1 0.0–0.30 mg mL�1 78
8 BSA-AuNCs/TMB 0.6 mg mL�1 0.9–1 mg mL�1 120 79
9 MPA-AgInZnS 0.04 mg mL�1 0.1–2.0 mg mL�1 3.33 80
10 Alkynylplatinum(II) 2,6-bis(benzimidazol-20-yl)pyridine 6.36 ng mL�1 0.006 to 0.06 mg mL�1 81
11 TPE-IM/S-bCD/PrS 0.24 ng mL 0–240 ng mL�1 None This method

Fig. 6 (A) Plot showing the response of the TPE-IM/S-bCD/PrS complex
to various enzymes and proteins at a concentration of 10 nM. (B) The
response plot illustrates the percentage inhibition of trypsin activity (10 nM)
as determined by the decrease in emission of the TPE-IM/S-bCD/PrS
complex over a 30-minute period at 25 1C in 10 mM Tris buffer (pH 8.2)
while exposed to varying concentrations of benzamidine. The error bars
represents the standard deviation (n = 3).
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potential of the TPE-IM/S-bCD/PrS/trypsin system as a potential
sensing platform for detecting trypsin inhibitors.

3.7 Trypsin detection in human serum

Trypsin, as highlighted earlier, serves as a biomarker for a
myriad of disease.42,43 Recognizing its clinical significance, we
endeavored to validate the performance of our sensing system
in a complex biological matrix, namely, human serum. For this
purpose, we incorporated the TPE-IM/S-bCD/PrS complex into
human serum samples (2%) and subsequently introduced
varying concentrations of trypsin. The outcomes, as illustrated
in Fig. 7, display a discernible fluorescence enhancement at
475 nm, which is amplified in tandem with increasing trypsin
concentrations. This fluorescence behavior mirrors our obser-
vations from experiments conducted in an aqueous medium,
underscoring the robustness of our system. To quantify the
sensitivity of the system in this matrix, we analyzed the data
and derived a linear relationship described by the equation
IF�F0

= 38[trypsin/nM] + 69. This equation yields an impressive
linear regression coefficient (R2) of 0.94. Furthermore, we
established a detection limit of 78 pM encompassing a linear
concentration span of 0–20 nM.

Based on these experimental insights, we suggest that the
TPE-IM/S-bCD/PrS complex system holds significant promise as
an efficient and reliable sensing platform for trypsin detection
in real-world biological samples, such as human serum. This
capability could potentially update diagnostics, offering a
sensitive and rapid method in contrast to existing techniques.

4. Conclusions

In this study, we successfully developed a trypsin-responsive
fluorescence turn-on aggregation complex, TPE-IM/S-bCD/PrS.
This system leverages the anionic macrocyclic molecule S-bCD
and the cationic TPE derivative TPE-IM in conjunction with
multi-cationic PrS molecules. Central to this mechanism, a
supramolecular assembly (TPE-IM/S-bCD) forms based on elec-
trostatic interactions between polyanionic S-bCD and cationic

TPE-IM. Intriguingly, while isolated TPE-IM molecules remain
non-fluorescent owing to intramolecular rotational motions,
they exhibit strong emission in an S-bCD-induced aggregation
state. The presence of PrS, a natural substrate of trypsin,
quenched the fluorescence of the TPE-IM/S-bCD complex. This
is attributed to the release of free TPE-IM in solution and the
consequent formation of an S-bCD/PrS aggregation complex.
However, the introduction of trypsin catalyzes the enzymatic
cleavage of PrS, prompting the disintegration of the S-bCD/PrS
complex and reassembly of the TPE-IM/S-bCD complex. This
dynamic system offers a novel approach to trypsin detection.
The sensing system showed remarkable linearity across a
concentration range of 0–10 nM, with a limit of detection
(LOD) as low as 10 pM. In the context of real-world applications,
the system effectively detects trypsin in human serum samples,
achieving a LOD of 78 pM. Beyond detection, the utility of the
platform extends to screening for trypsin inhibitors, as demon-
strated with benzamidine, a natural trypsin inhibitor. This
platform stands out as a simple, rapid, and sensitive solution,
enriching the toolkit available to researchers and clinicians
focusing on trypsin detection and related endeavors. The
potential of this system in clinical diagnostics, especially in
monitoring trypsin-related diseases, is noteworthy and could
pave the way for improved patient care. Furthermore, its
application in screening trypsin inhibitors provides opportunities
for drug discovery, particularly under conditions characterized by
trypsin overactivity. We anticipate that this platform will inspire
further research into therapeutic agents targeting trypsin or related
proteases, marking a significant step in the biochemistry and
diagnostics domain.
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