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ABSTRACT: We prepared a water-soluble conjugated polymer composed of electron-donating units and electron-accepting
groups in the backbone. The polymer exhibits a short wavelength (blue) emission in aqueous solution and long wavelength (red)
emission in the solid state, because of intermolecular energy transfer. Considering this, we develop a new approach for the
sensitive detection of trypsin, which is known to control pancreatic exocrine function, using an ensemble system composed of the
anionically charged conjugated polymer and cationically charged polypeptides (such as polylysine and polyarginine). The blue-
emitting, water-soluble conjugated polymer becomes aggregated upon exposure to the polypeptides, leading to a red-emitting
assay ensemble. The red-emitting assay ensemble becomes dissociated in the conjugated polymer and polypeptide fragments by
selective degradation of trypsin, which then exhibits recovery of blue emission. This emission-tuning assay ensemble allows for
detection of trypsin at nanomolar concentrations, which enables naked-eye detection. Importantly, this strategy can be employed
for label-free, continuous assay for trypsin.
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■ INTRODUCTION

In the past decade, fluorescent conjugated polymers have
attracted considerable interest for their widespread applications
in the areas of optoelectronics, microelectronics, and
sensors.1−3 However, because of the hydrophobic nature of
the backbone, conjugated polymers are limited in application to
biologically relevant fields. Thus, water-soluble conjugated
polymers have been developed by the introduction of
functional groups including phosphonates, sulfonates, and
quaternary ammonium salts to the polymer chain.
Their optoelectronic properties can be modulated facilely

through structural alterations in the conjugated backbones of
the polymers and the ionic functional group provides them with
versatile features including electrostatic interaction with
oppositely charged chemical or biological species, which
supports a new basis for optoelectronic devices and biological
and chemical detection such as DNA, proteins, and other

biological agents.4−17 Moreover, in contrast to polymeric
materials, one of the shortcomings of conventional small
molecular fluorescent assays without ionic groups is the
relatively poor solubility in the aqueous phase, which
significantly hinders their practical use in biomedical inves-
tigations.
Proteases are important biocatalysts that are involved in the

cleavage of specific peptide bonds in analyte proteins and thus
cause proteins to dissociate into small fragments. Therefore,
these enzymatic proteins control various essential physiological
processes.18 As a type of protease, trypsin is one of the
important digestive enzymes, which is formed in the pancreas
as an inactive proenzyme trypsinogen,19−22 which plays an
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important role in controlling the pancreatic exocrine function
(also, the level of trypsin increases with certain types of
pancreatic-related diseases).20−22 Thus, this protease is known
to be overexpressed in pathological conditions of inflamma-
tion23 and cancer.24 It has been known that trypsin is one of the
enzymatic proteins that can selectively degrade peptide at the
carboxylic side of amino acids such as lysine and arginine.25

Considering its biological importance, new and convenient
assays for trypsin are in high demand for developing effective
diagnostic and therapeutic techniques toward the treatment of
pancreatic diseases and application in the proteomics field. A
variety of techniques for trypsin detection have been developed
on the basis of mass spectroscopy,26,27 gel electrophoresis,28

enzyme-linked immunosorbent assay (ELISA),29 colorimet-
ric,30,31 and fluorometric methods.32−39 In general, the
colorimetric and fluorometric methods are favorable to the
application, because other techniques require specialized
instruments or are time-consuming.
Fluorescence detection techniques for trypsin have also been

reported based on labeled substrate peptides,40 conjugated
polymers,37,41−43 gold nanoclusters,44 photonic nanoparticles,45

and natural fluorophore epicocconone.46 However, the
development of a new assay for trypsin is still challenging,
because several obstacles including tedious synthetic chemistry
of conjugated fluorophores, a need for labeling, and the toxicity
of quantum dots limit their applications.
Compared to the emission turn-on or turn-off switchable

polymeric assays, considerable interest has been paid to
fluorescent conjugated polymers with tunable emission colors
upon aggregation. The features of tunable fluorescence
emissions are mainly attributed to the intrinsic properties of
the aggregation-induced exciton migration in conjugated
polymer backbones. Typical applications of such emission
color-tunable conjugated polymers include platforms for
proteins,47−49 heparin,50,51 multicationic amines,52 mercury
ion,53 cysteine,54 and bacteria sensing.55

Herein, we present an ensemble system as an assay for
trypsin based on the aggregation of positively charged
polypeptides such as polylysine and polyarginine and initially
blue-emitting, negatively charged conjugated polymer, of which
emission can be tuned blue-to-red upon aggregation. The
conjugated polymer is functionalized with ionic side-chains of

sulfonate groups to provide water solubility and to ensure ionic
interactions with cationically charged polypeptides. The red-
emitting, aggregated ensemble recovers its blue emission upon
exposure to a protease, trypsin, which degrades a specific
sequence of amino acids. Therefore, our ensemble system may
have potential for a wide range of clinical applications. As far as
we know, this ensemble system, based on the distinctive red-to-
blue emission color change, caused by the aggregation−
deaggregation protocol, has been rarely exploited for trypsin
detection and, thus, it is advantageous over other detection
system, in terms of possible detection by the naked eye.

■ EXPERIMENTAL SECTION

Materials. Monomers for Suzuki cross-coupling polymer-
ization, such as 4,7-dibromo-2,1,3-benzothiadiazole, 4,7-bis(5-
bromothiophen-2-yl)benzo-2,1,3-thiadiazole, and 1,4-dibromo-
2,5-bis(4-sulfonatobutoxy)benzene sodium salt were synthe-
sized according to the previously published methods.56−58 All
polypeptides including poly(L-lysine hydrobromide) (pLys;
mol wt = 4000−15000), poly(L-arginine hydrochloride) (pArg;
mol wt = 15 000−70 000), poly(L-histidine hydrochloride)
(pHis; mol wt ≥ 5000), and trypsin (mol wt = 23 300) were
purchased from Aldrich and used as received. Other reagents
were purchased from Aldrich and Acros and used without
further purification.

Characterization. The 1H NMR and 13C NMR spectra
were recorded on a Bruker Model DRX-300 spectrometer with
tetramethylsilane as an internal standard (Korea Basic Science
Institute). UV−vis absorption spectra were collected on a
Perkin−Elmer Model Lambda 35 spectrometer. Photolumi-
nescence spectra were obtained from a Varian Cary Model
Eclipse fluorescence spectrometer. Elemental analysis was
carried out on an elemental analyzer (Fisons Instruments,
Model EA 1108 ).

Polymerization. 4,7-Bis(5-bromothiophen-2-yl)benzo-
2,1,3-thiadiazole (26.1 mg, 0.057 mmol), 1,4-dibromo-2,5-
bis(4-sulfonatobutoxy)benzene sodium salt (300 mg, 0.514
mmol), and 1,4-benzenediboronic acid bis(pinacol)ester (188
mg, 0.571 mmol) were dissolved in a mixture of dimethylfor-
mamide (DMF) (8 mL) and 2 M Na2CO3 aqueous solution
(12 mL) in a flask. The detailed procedures for synthesis and
workup of P1 are described elsewhere.49,54 After purification,

Scheme 1. Synthetic Methods for Polymer
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the final yellow solid was obtained (yield: 162 mg, 53%). 1H
NMR (300 MHz, D2O): δppm 8.1−7.3 (br, 3.1H), 7.2−6.7 (br,
2H), 4.0 (br, 2.8H), 3.0 (br, 3H), 2.0−1.5 (br, 5H). 13C NMR
(D2O): δppm 150.17, 130.56, 128.85, 128.26, 120.40, 117.63,
114.98, 68.97, 65.76, 51.21, 49.86, 43.04, 27.93, 23.14, 21.30,
20.87. Anal. Calcd (%) for C20H20.8N0.2S2.1O7.2Na1.8: C, 49.24;
H, 4.27; N, 0.57; S, 13.79. Found: C, 48.48; H, 4.34; N, 0.50; S,
13.39.
Emission Color Change of P1 upon Exposure to

Polypeptides. Changes in fluorescence color (blue-to-red)
could be observed upon successive addition of pLys, pArg, or
pHis (0, 2, 5, 10, 15, and 20 μg/mL) to an aqueous solution of
P1 (1 × 10−4 M, based on repeat units) at ambient
temperature. The fluorescence spectra were recorded at various
concentrations of polypeptides.
Ensemble Assays for Trypsin Activity. A cuvette

containing P1 (1 × 10−4 M, based on repeat units) and pLys
or pArg (20 μg/mL) was exposed to trypsin (30 μg/mL) in
deionized water (Millipore Nanopure). The mixture was
incubated at 37 °C for a desired time interval. The fluorescence
intensities of the mixtures at 417 and 628 nm were recorded at
the excitation wavelength of 350 nm.

■ RESULTS AND DISCUSSION
The synthetic procedure for the preparation of polymer is
shown in Scheme 1. Bromination of 2,1,3-benzothiadiazole
enabled us to obtain 4,7-dibromo-2,1,3-benzothiadiazole in
good yield using published methods.55 4,7-Bis(5-bromothio-
phen-2-yl)benzo-2,1,3-thiadiazole was obtained from the
bromination of 4,7-bis(thiophen-2-yl)benzo-2,1,3-thiadiazole
with N-bromosuccinimide (NBS) in a mixture of tetrahy-
drofuran (THF) and acetic acid.57 A reaction between 2,5-
dibromo-1,4-hydroquinone and 1,4-butanesultone was carried
out in the presence of sodium hydroxide to prepare 1,4-
dibromo-2,5-bis(4-sulfonatobutoxy) benzene sodium salt,
according to the literature method.58

The water-soluble conjugated polymer (P1) was synthesized
via Suzuki cross-coupling reaction of compounds 4,7-bis(5-
bromothiophen-2-yl)benzo-2,1,3-thiadiazole, 1,4-dibromo-2,5-
bis(4-sulfonatobutoxy)benzene sodium salt, and 1,4-benzene-
diboronic acid bis(pinacol)ester using palladium catalyst
(Scheme 1). The yield of polymer was found to be 53%. The
chemical structure of the polymer was confirmed by 1H NMR,
13C NMR, and elemental analysis. The chemical composition
(mole fraction) in P1 was determined by elemental analysis and
measured to be 0.07:0.93 (m:n). The polymer showed good
solubility in water, but it was not soluble in THF, chloroform,
methanol, or ethanol.
A reliable molecular weight of P1 was barely obtainable. It

was not easy to obtain a feasible molecular weight of P1 by gel
permeation chromatography (GPC) using an aqueous eluent,
because the polymer was adsorbed in the polystyrene gel in the
GPC column. Moreover, determination of molecular weight
was attempted using matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF), feasible data could not be
obtainable.52,59,60 However, it is likely that the molecular
weight of P1 was more than 12 000, because P1 was dialyzed
with a membrane of 12400 cutoff.
Absorption and fluorescence emission spectra of P1 in

aqueous solution are shown in Figure S1 in the Supporting
Information. P1 showed absorption at 326 nm in the aqueous
solution and at 345 nm in solid state. The absorption resulted
from the π−π* transition of the phenylene groups in the

polymer chain. The spectrum of polymer has broad absorption
band at ∼500−600 nm, which is assigned to bis-thienylbenzo-
thiadiazole (TBT) units. A red shift in absorption in the solid
state, compared to the solution, was typically observed because
of a conformational change in the solid state, resulting in π-
electron delocalization along the chain.61,62 In aqueous
solution, P1 emits blue fluorescence with the main band at
417 nm. In contrast, P1 begins to emit red fluorescence as it
aggregates by interchain aggregation-induced exciton migration,
exhibiting a much smaller intensity of blue emission at ∼417
nm and intensified red emission, indicative of intermolecular
energy transfer.
It has been reported that the mechanism of aggregation-

enhanced energy transfer (exciton migration) can be employed
in the sensing applications, which are involved in biorelated,
multicationic targets.47−55 Using the fact that the negatively
charged P1 showed visually distinctive blue (solution) and red
(solid or aggregate) emission colors, an assay ensemble could
be obtained by simply mixing suitable concentrations of
negatively charged P1 and positively charged polypeptides,
such as pLys, pArg, and pHis, to induce aggregation via
electrostatic interaction, leading to red emission. The emission
intensity at 417 nm (short wavelength) of the sensor ensemble
(P1-polypeptides) decreased and a new emission at 636 nm
(long wavelength) was simultaneously formed with an increase
in intensity as the amounts of polypeptides increased (see
Figure 1 and Figure S2 in the Supporting Information). This
was generated by the self-aggregation of the mixture, resulted
from the intermolecular interaction between P1 and poly-
peptides.
Figure 1a shows the fluorescence spectra of P1 with the

addition of pLys, ranging from 0 to 20 μg/mL. Initially, the
blue emission band at 417 nm is dominant in the free P1
solution with a comparably weak red emission at ∼600 nm. As
the concentration of pLys increased, the blue emission band at
417 nm decreased significantly, in conjunction with the
aggregation-induced exciton migration between the polymer
chains. Concomitantly, the fluorescence spectra of the polymer
showed an intensified band at 636 nm resulting from the
aggregation-induced enhancement of red emission as the
concentration of pLys increased. The result clearly indicates
the aggregation-induced blue-to-red emission color tuning of
P1 in the presence of pLys, as shown in the inset photograph in
Figure 1a. The positively charged pLys interacted with P1 via
an electrostatic charge interaction, resulting in aggregation,
which was accompanied by enhanced exciton migration, finally
leading to a visually observable blue-to-red emission color
change. Similar aggregation-enhanced emission color change in
the anionic P1 was observed in the presence of a cationically
charged pArg or pHis, respectively (see Figure 1b and Figure
S2 in the Supporting Information). The degree of aggregation
(increment in the red emission) depends on the polypeptides
used.
Based on the new formation of a long wavelength (red)

emission upon aggregation with two oppositely charged species,
we proposed a new assay ensemble to evaluate trypsin activity
via restoration of the short wavelength (blue) emission. The
trypsin detection assay is demonstrated in Scheme 2. To
prepare the assay ensemble, the blue-emitting solution of
anionic polyelectrolyte P1 was exposed to polypeptides such as
pLys and pArg in the aqueous phase. At this stage, a strong red
emission induced by aggregation could be observed, as
mentioned above. Upon the addition of trypsin to the assay,
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the aggregates disappeared and the original blue emission was
recovered. Introduction of trypsin to the ensemble of P1−
polypeptide induces a hydrolysis of lysine and arginine residues
in pLys and pArg, respectively, resulting in peptide fragments
along with weakened electrostatic interaction with P1.38 As a

result, the P1 could restore its initial blue fluorescence after
dissociation of the assay complex into P1 and lysine and
arginine fragments, which allows qualitative and quantitative
detection of trypsin via a naked-eye-detectable emission color
change.
As illustrated in Figure 1, the solution of an assay ensemble

composed of P1 (1.0 × 10−4 M) and pLys or pArg (20 μg/mL)
showed weakening of blue emission with intensifying red
emission. Upon the addition of trypsin (30 μg/mL) to the
ensemble solutions (P1−pLys and P1−pArg), the blue
fluorescence of the ensemble increased considerably and, at
the same time, the red emission decreased gradually with
incubation time (Figure 2). After the further addition of trypsin
to this ensemble solution and subsequent incubation for 40
min, the blue emission was recovered up to 90% (for P1−pLys)
and 95% (for P1−pArg) of original blue intensity. These results
clearly demonstrate that an emission-shift assay for trypsin can
be established using the ensembles of P1−pLys and P1−pArg.
The intensity of blue emission of the ensemble with trypsin

increased and saturated after the solution was incubated at 37
°C for 40 min. Although similar recovery behaviors of blue
emission were observed for both the ensembles of P1−pLys
and P1−pArg, the rates of trypsin-mediated hydrolysis were
found to be different in both cases. In detail, in the case of P1−
pLys, the initial rate of hydrolysis was observed to be higher,
while the final rate was higher for the case of P1−pArg. These
results demonstrate the effect of trypsin activity on the
hydrolysis of different polypeptides and the activity can be
regarded as the fluorescence change of the ensemble of P1 and
polypeptides.
Meanwhile, a control experiment was carried out to

determine the trypsin activity using the P1−pHis ensemble,
in which trypsin could not hydrolyze a histidine linkage. As
expected, trypsin cannot recover the blue emission of the
ensemble composed of P1−pHis, as the emission of the
ensemble maintained almost unchanged for the long wave-
length emission and only slightly changed for the short
wavelength emission (Figure S3 in the Supporting Informa-
tion).

Figure 1. Changes in fluorescence spectra of P1 after addition of
different concentrations of (a) pLys and (b) pArg. [P1] = 1 × 10−4 M
(based on repeat units), [pLys] and [pArg] = 0, 2, 5, 10, 15, and 20
μg/mL. Inset shows photographs of the aqueous solutions of P1
before and after addition of polypeptides (20 μg/mL) under UV (365
nm) illumination. Excitation wavelength: λex = 350 nm.

Scheme 2. Schematic Illustration of the Design Rationale for the Emission Shift Assay for Trypsin
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These observations clearly indicate the high specificity of
trypsin toward enzymatic degradation of lysine and arginine.
The enzymatic degradation at the lysine and arginine linkages
resulted in specific dissociation of pLys and pArg in the
ensemble of P1−pLys and P1−pArg, respectively, and the
fluorescence of P1 was then recovered to the original blue
emission. For a further assay test, the ensemble of P1−pArg
was employed, because this ensemble was found to be
beneficial for a prolonged incubation time, compared to that
of P1−pLys.
The changes in the emission spectra of the ensemble of P1−

pArg were also investigated with variable concentrations of
trypsin. The ensemble of P1 (1 × 10−4 M) and pArg (20 μg/
mL) was employed in the presence of different amounts of
trypsin (6, 12, 18, and 24 μg/mL). Each solution was incubated
at 37 °C for various time intervals, and the emission spectra of
the solutions were then investigated. Figure 3a exhibits the
emission intensity at 417 nm versus the reaction time for the
P1−pArg in the presence of trypsin with different concen-
trations during different incubation times.
Changes in the size of P1 before and after the addition of

pArg were investigated via a dynamic light scattering (DLS)
technique, and an increase in size was measured (from 91 nm
to 230 nm). After treatment of trypsin, the size of P1−pArg
was decreased to 151 nm, which is in good agreement with

quantum yields (QYs) of such systems, as shown in Table S1 in
the Supporting Information.
To gain further insight into the linear relationship between

fluorescence intensity and trypsin concentration, the emission
intensities of P1−pArg ensemble at 417 nm were monitored
with various concentrations of trypsin (Figure 3b). It is noted
that the emission intensity at 417 nm increases after the
addition of trypsin with prolonged incubation time. Moreover,
as the trypsin concentration in the solution increased, the
fluorescence intensity of the ensemble increased more rapidly.
From the fluorescence changes of the ensemble upon exposure
to the trypsin, the limit of detection (3σ/slope) was determined
to be 37.1 ng/mL (1.59 nM based on molecular weight), as
estimated according to a previously reported method.63−65

It is known that trypsin is highly activated at pH 8.0 and in
the presence of Ca2+, because Ca2+ plays the role of activating
trypsin and increasing its stability against self-digestion.34,66,67

The dependence of the relative fluorescence intensity (see
Figure S4 in the Supporting Information). The rate of
fluorescence intensity increased dominantly in the presence
of Ca2+ but decreased when further Ca2+ was added above the
optimal concentration (in this case, 5 × 10−3 M). It is
presumed that, instead of boosting the enzymatic activity of
trypsin, the Ca2+ ions with excess concentration interacted with
the anionic P1, because of the electrostatic interaction between
the cationic Ca2+ ion and negatively charged polymer.
In order to clarify the selectivity of this assay ensemble,

control experiments were carried out with trypsin analogues

Figure 2. Changes in fluorescence spectra of (a) P1−pLys and (b)
P1−pArg ensembles in the presence of trypsin (30 μg/mL) after
incubation at 37 °C during different incubation times (0, 5, 10, 20, 40
s; 1, 1.5, 2, 4, 8, 10, 20, 30, 40 min). [P1] = 1 × 10−4 M (based on
repeat units); [pLys] and [pArg] = 20 μg/mL. Inset shows
photographs of the aqueous solutions of (a) P1−pLys and (b) P1−
pArg in the presence of trypsin (30 μg/mL) for incubation times of 0
and 40 min under UV illumination (365 nm). Excitation wavelength:
λex = 350 nm. Curves with empty circles represent the spectra of P1
without polypeptides.

Figure 3. (a) Effects of incubation time and the concentration of
trypsin on degradation efficiency of trypsin and (b) changes in the
fluorescence intensity of P1−pArg, with respect to the concentrations
of trypsin for 40 min of incubation time. Excitation wavelength: λex =
350 nm. [P1] = 1 × 10−4 M; [pArg] = 20 μg/mL. I0 and I correspond
to the emission intensities of P1−pArg ensemble at 417 nm in the
absence and presence of trypsin, respectively.
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such as pepsin and glucose oxidase (GOx). Aqueous solutions
containing blue-emitting P1 and a pArg ensemble were tested
with 30 μg/mL of pepsin or GOx under the same experimental
conditions used for the trypsin assay. In contrast to the case of
trypsin, much fewer changes in emission intensity were
observed in the cases of pepsin and Gox (see Figures 4a and

4b). Only the addition of trypsin could result in the maximum
fluorescence change, which demonstrated the high specificity of
the trypsin sensing platform, as shown in Figure 4c. We
investigated trypsin in the mixture of these proteases and found
that other proteases have no notable influences on trypsin
detection.
These results clearly demonstrate that the enzymatic

hydrolysis of pArg by trypsin specifically caused the emission

color tuning. Therefore, the P1−pArg ensemble can be used as
a fluorescent assay for the specific detection of trypsin with
negligible interference from other nonspecific proteases. In
terms of noticeable blue-to-red color change, this system has
potential advantages over other turn-off and turn-on systems,
which enables naked-eye detection.

■ CONCLUSIONS
We successfully developed a new fluorescent detection method
with an ensemble of conjugated polymer and polypeptide for a
trypsin assay. This new detection method is developed to
exploit the manipulation of electrostatic interactions between
the polymer and polypeptide in the presence of trypsin,
resulting in the possible tuning of fluorescence emissions of the
polymer. Blue-emitting, anionically charged conjugated poly-
mer containing TBT units showed aggregation in the presence
of positively charged molecules such as polypeptide, exhibiting
blue-to-red emission color change. The ensemble composed of
the polymer and pArg can be dissociated to each species,
leading to the recovery of the short wavelength blue emission
color, which can be utilized to detect trypsin with a
concentration of 37.1 ng/mL; thus, acceptable sensitivity of
this new assay for trypsin is obtainable. Both the polymer and
pArg are facilely accessible, and detection can be accomplished
in water-based solutions. Because of such simplicity, possible
naked-eye detection, and high sensitivity, this fluorometric
assay ensemble is potentially useful for high-throughput
screening, which may be beneficial to analyze pancreatic
disease-related fields, in which trypsin plays a key function.
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