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ABSTRACT: A particular bispyrene fluorophore (1) with two
pyrene moieties covalently linked via a hydrophilic spacer was
synthesized. Fluorescence measurements reveal that the
fluorescence emission of 1 could be well modulated by a
cationic surfactant, dodecyltrimethylammonium bromide
(DTAB). Protein sensing studies illustrate that the selected
ensemble based on 1/DTAB assemblies exhibits ratiometric
responses to nonmetalloproteins and turn-off responses to

Ratiometric responses

Turn-off responses

metalloproteins, which can be used to differentiate the two types of proteins. Moreover, negatively charged nonmetalloproteins
can be discriminated from the positively charged ones according to the difference in ratiometric responses. Fluorescence sensing
studies with control bispyrenes indicate that the polarity of the spacer connecting two pyrene moieties plays an important role in
locating bispyrene fluorophore in DTAB assemblies, which further influences its sensing behaviors to noncovalent interacting
proteins. This study sheds light on the influence of the probe structure on the sensing performance of a fluorescent ensemble

based on probe and surfactant assemblies.
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1. INTRODUCTION

Surfactants, block copolymers, and amphiphilic dendrimers
usually self-assemble into dynamic, heterogeneous, nanoscale
supramolecular assemblies such as micelles, liposomes, and
vesicles in aqueous solutions.”” The hydrophobic micro-
domains formed by hydrocarbon tails can noncovalently
encapsulate guest fluorophores and enhance their solubility,”
fluorescence stability,* and quantum yield® in aqueous solution.
Moreover, surfactant assemblies can tune the photophysical
properties’ and fluorescence emission behaviors of the
encapsulated fluorescent probe,7_9 which can be used to
sense external stimuli such as the pH and chemicals that induce
changes of surfactant assemblies.'’ Therefore, supramolecular
assemblies encapsulating fluorophores have been widely used to
develop fluorescent sensors because this method reduces their
dependence on molecular design and synthesis and enables
aqueous detection. A great number of fluorescent ensembles
based on fluorophores/surfactant assemblies have been
developed as sensors for detecting various analytes, such as
metal ions,"'™*° anions,>'®'” amino acids,”'*"” and explo-
sives.”" ">

Detection of proteins is of great significance because proteins
are involved in the diagnosis of various affiliated diseases
including Alzheimer’s, Huntington’s, Parkinson’s, and prion
diseases.” " Surfactant assemblies encapsulating fluorophores
provide a more simple and convenient way to develop label-free
fluorescent sensors to proteins because these ensemble sensors
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are based on the noncovalent interaction between proteins and
surfactant assemblies. Thayumanavan and co-workers have
endeavored to use this strategy to develop fluorescent sensors
or arrays for proteins, where they reported using micellar
assemblies based on amphiphilic polymers,”® polyelectrolyte
and surfactant mixtures,””* and amphiphilic dendrimers®’ to
encapsulate small fluorophores. In these reports, fluorescence
quenching signals were observed because the encapsulated
fluorescent guests were released into aqueous solution because
of the disassembly of the supramolecular assemblies induced by
protein binding. Ji et al. used a similar strategy to realize turn-
off detection of heparin-binding proteins such as protamine and
Tat peptide, where they used micellar assemblies based on
cationic surfactant and bioactive polyanion heparin to
encapsulate pyrene.’’ Binding with protamine or Tat peptide
leads to the disassembly of micelles and then the release of
pyrene into aqueous solution with decreased fluorescence
intensity. Although these supramolecular ensembles have
shown interesting sensing behaviors to proteins, the developed
fluorescent ensembles for proteins are still limited and new
ensembles and novel strategies are highly demanded.

More recently, we introduced a new simple and cost-effective
approach to develop fluorescent aqueous sensors for proteins,
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where the sensing platform was built using only commercially
available surfactant rather than mixtures of surfactant with
polyelectrolytes/dendrimers or bioactive polyanions to encap-
sulate small fluorophores.”’ Moreover, this strategy provides a
novel sensing mechanism, where the fluorophore probes the
aggregation changes of surfactant assemblies upon protein
binding. The developed ensemble based on a cholesterol-
modified pyrene-based fluorophore and dodecyltrimethylam-
monium bromide (DTAB) assemblies shows selective ratio-
metric responses to pepsin and O-egg over a series of tested
proteins.

In the present work, we intend to develop novel fluorescent
ensembles based on new small fluorophores and surfactant
assemblies for sensing proteins and to evaluate the influence of
the fluorophore structure on the interaction with surfactant
assemblies and thereafter on the sensing performance of the
obtained ensemble. Therefore, a particular neutral bispyrene-
based fluorophore (1; Scheme 1) was designed and synthesized

Scheme 1. Synthesis Route of the Bispyrene Fluorophore 1
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to be used as the probe, where the two pyrene moieties are
connected to the benzene ring via a hydrophilic oligo-
(oxyethylene) spacer. The ensemble based on the 1/DTAB
assembly exhibits ratiometric responses to the noncovalently
bound nonmetalloproteins and turn-off responses to metal-
loproteins. This label-free supramolecular fluorescent sensor
can discriminate metalloproteins from nonmetalloproteins and
differentiate negatively charged nonmetalloproteins and pos-
itively charged ones. Examination of the fluorescent ensembles
based on four control bispyrene compounds reveals that the
structure of the probe plays an important role in the sensing
performance of supramolecular ensembles.

2. EXPERIMENTAL SECTION

Reagents and Instruments. Pyrene (Alfa, 98%) was used after
recrystallization by ethanol. Isophthaloyl dichloride (J&K, 98%) and
1,8-diaminooctane (J&K, 98%) were used as supplied. 2,2-
(Ethylenedioxy)bis(ethylamine) (EOA; 98%), dodecyltrimethylam-
monium bromide (DTAB; >98%), and all proteins including pepsin
(PS; from porcine gastric mucosa, Iyophilized powder, P7012), bovine
serum albumin (BSA; lyophilized powder, A1933), ovalbumin (O-egg;
from chicken egg white, lyophilized powder, AS503), f-lactoglobulin
(BLG; from bovine milk, lyophilized powder, L3908), trypsin (TPS;
from bovine pancreas, lyophilized powder, T1426), lysozyme (LYZ;
from chicken egg, lyophilized powder, L6876), cytochrome ¢ (Cyt C;
from bovine heart, lyophilized powder, C2037), and ferritin (Ferr;
from equine spleen, type I, saline solution, F4503) were purchased
from Sigma-Aldrich Co. and used as received. 2X N-(2-hydroxyethyl)-
piperazine-N-ethanesulfonic acid (HEPES) buffer solution (42 mM,
pH 7.4) was purchased from Beijing Solarbio Science & Technology
Co., Ltd., and used as diluted to a constant concentration (10 mM, pH
7.4). The stock solutions of various proteins were prepared separately
in 10 mM HEPES buffer (pH 7.4) and stored at 0—4 °C. Analytically
pure trichloromethane was dried with anhydrous CaCl, overnight
before use. Dichloromethane and trimethylamine were distilled before
reaction. All aqueous solutions were prepared from Milli-Q water
(182 M cm at 25 °C), and all other reagents were analytically pure.

The melting point was measured on a XS microscopic melting point
meter (Beijing Tech Instrument). The 'H and '*C NMR spectra of the
synthesized chemicals were obtained on a Bruker Avance 400 MHz
NMR spectrometer. The high-resolution mass spectrometry (MS)
spectra were acquired in electrospray ionization (ESI) positive mode
using a Bruker Maxis UHR-TOF mass spectrometer. The Fourier
transform infrared (FTIR) spectra were measured on a FTIR
spectrometer (Vertex 70v, Bruker, Germany). Steady-state fluores-
cence measurements were conducted on a single-photon-counting
fluorescence spectrometer (FSS, Edinburgh Instruments, UK) with
xenon light (150 W) as the excitation source, and the excitation and
emission slit widths were set at 2 and 1.5 nm, respectively. All samples
were excited at 350 nm. Time-resolved fluorescence measurements
were conducted on the time-correlated single-photon-counting
fluorescence spectrometer (FLS920, Edinburgh Instruments, UK).
All of the solutions were excited by a laser (343.4 nm), and the
emission wavelength was fixed at 500 nm. The particle size distribution
and scattering intensity (count rate) were measured on a Malvern
Zetasizer Nano-ZS90.

Synthesis of the Bispyrene Fluorophore 1. The synthesis route
of the target bispyrene fluorophore 1 is depicted in Scheme 1. The
starting material, pyrenesulfonyl chloride, was synthesized by adopting
a literature method.*” The synthesis of Py-EOA was described in detail
in our previously reported work.>> The synthesis and purification of
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Figure 1. (a) Fluorescence emission spectra of 1 (1.0 #M) in acetonitrile and water (4, = 350 nm). (b) Fluorescence intensity ratio of excimer to
monomer (Iy/Iy) of 1 in acetonitrile and water as a function of the probe concentration varying from 0.05 to 10 yM.
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Figure 2. (a) Fluorescence emission spectra of 1 (1.0 M) in a series of different concentrated DTAB solutions in water. (b) Fluorescence intensities
of monomer at 381 nm and excimer at 500 nm of 1 (1.0 uM) as a function of the DTAB concentration in water. (c) Fluorescence emission spectra
of 1 (1.0 uM) in different concentrated DTAB buffer solutions (10 mM HEPES, pH 7.4). (d) Fluorescence intensity of monomer at 381 nm and
excimer at S00 nm of 1 (1.0 uM) as a function of the DTAB concentration in HEPES buffer solution (10 mM, pH 7.4).

the target bispyrene-based fluorophore, 1, is as follows: A solution of
isophthaloyl dichloride (0.122 g, 0.6 mmol, 1 equiv) in CH,Cl, (20
mL) was added dropwise to a solution of Py-EOA (0.504 g, 1.2 mmol,
2 equiv) and triethylamine (184 xL, 1.32 mmol, 2.2 equiv) in 50 mL of
CH,Cl, at 0 °C under argon, after which the reaction system was
stirred at room temperature for 48 h. Then the mixture was washed
with brine until the pH of the aqueous layer was neutral. The organic
layer was dried over anhydrous Na,SO, and purified by column
chromatography (CH,Cl,:CH;0H = 10:1, v/v). The final product, 1,
was obtained as a pale-yellow foamy solid (0.5142 g, 89.7%). Mp:
86.6—87.1 °C. 'H NMR (400 MHz, CDCl;, ppm): 6 8.95 (d, ] = 9.4
Hz, 1H), 8.66 (d, ] = 8.2 Hz, 1H), 8.31—8.00 (m, 7H), 7.90 (dd, J =
7.8 and 1.6 Hz, 1H), 7.28 (t, ] = 5.9 Hz, 1H), 7.23 (s, 1H), 6.36 (s,
1H), 3.65—3.49 (m, 4H), 3.38 (dd, J = 11.5 and 5.6 Hz, 6H), 3.13 (d, ]
= 4.6 Hz, 2H). *C NMR (101 MHz, CDCl,, ppm): § 166.79, 134.67,
134.26, 131.33, 130.75, 130.39, 130.10, 129.96, 129.89, 128.74, 127.95,
127.04, 126.90, 126.82, 126.76, 125.13, 125.03, 123.79, 123.78, 123.15,
70.16, 70.05, 69.78, 69.22, 42.94, 39.91. IR (KBr plates, cm™): 3300
(=NH-), 2923 (—CH,—), 3048 (Ar—H), 1700 (C=0), 1590 (Ar
C=C), 1145 (0=8=0), 1098 (C—O—C). HS-MS (ESL [M +
Na]*). Calcd for Cs,HoN,O,,S,: 977.2861. Found: 977.2865.

3. RESULTS AND DISCUSSION

Fluorescence Emission of Bispyrene 1 in Neat
Solvents. The steady-state emission spectra of 1 (1.0 uM)
were examined in good (acetonitrile) and poor (water)
solvents. As shown in Figure la, the fluorophore exhibits
strong excimer emission centering at about 500 nm in both
solvents but shows considerably different monomer emissions.
In acetonitrile, the structured monomer emission is compara-
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tive to the excimer emission; however, in water, the monomer
emission is extremely smaller than the excimer emission. The
studies of the concentration effect of the probe reveal that the
ratio of excimer-to-monomer emission is independent of the
concentration of the probe in acetonitrile but highly
concentration-dependent in water (Figures 1b and S1 in the
Supporting Information), indicating the formation of an
intramolecular excimer in the good solvent and an
intermolecular excimer in the poor solvent.”* Such results
suggest that the fluorophore can be well dissolved in the good
solvent but aggressively aggregate in the poor solvent.

DTAB Concentration Effect on the Fluorescence
Emission of Bispyrene 1. The modulation effect of DTAB
aggregates on the fluorescence emission of 1 was evaluated in
both nonbuffered and buffered aqueous solutions. Similar
results were found in both media, where the concentration of
DTAB has a remarkable effect on the profile of the emission
spectra of the probe (Figure 2a,c). For both cases, the
conformation of the probe went through three stages, as
depicted by the comparison of monomer and excimer emission
intensities with increasing DTAB concentration. As illustrated
in Figure 2b,d, first, in lowly concentrated DTAB solutions, the
probe emits excimer-dominated emission, with the excimer
intensity being much larger than that of monomer emission,
which suggests that the bispyrene molecules aggregate tightly
just like in the poor solvent, second, with increasing DTAB
concentration, the probe exhibits monomer—excimer coemis-
sion because the intensity of excimer decreases remarkably with

DOI: 10.1021/acsami.5b06604
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Figure 3. Fluorescence emission spectra of 1/DTAB (1.0 uM/6 mM) in HEPES buffer solution (10 mM, pH 7.4) upon the addition of (a) PS and
(b) LYZ. (c) The ratio of monomer-to-excimer intensity (Iy;/Iz) of the ensemble of 1/DTAB (1.0 uM/6 mM) as a function of the protein

concentration. Each value is an average of three paralle] measurements.

concomitant enhancement of the monomer intensity, suggest-
ing that fluorophore aggregates can be disrupted by the
gradually formed surfactant assemblies, and third, in highly
concentrated DTAB solutions, the probe emits nearly total
monomer emission, with the monomer emission being
conversely and remarkably larger than the excimer emission,
indicating that the two pyrene moieties are separated from each
other.

The big difference between in nonbuffered and buffered
solutions is that the turning point for the three stages occurs at
different DTAB concentrations. This could be due to the
different aggregating behaviors of DTAB molecules in the two
solutions because HEPES buffer introduces more complex
ingredients (cf. Figure S2 in the Supporting Information). One
thing to be noted is that the turning point for the probe
changing from monomer—excimer coemission to monomer-
dominated emission in a nonbuffered aqueous solution is at a
concentration of 14 mM DTAB, which is the critical micellar
concentration of DTAB in neat water. These results suggest
that DTAB micelles benefit the stretching of two pyrene
moieties of the probe and lead to monomer emission. In the
case of buffered solutions, the critical point of changing from
excimer-dominated emission to excimer—monomer coemission
is observed at a concentration of 6 mM DTAB. Further
increasing DTAB concentration will lead to total monomer
emission, which occurs at 9 mM DTAB. As we learned from
our previous studies, the protein binding may facilitate further
aggregation of DTAB assemblies and induce the probe to go
through changes from one emission state to another,”’ which is
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dependent on the adopted DTAB concentration. Therefore, 6
mM DTAB was selected to incorporate the present probe to
construct a fluorescent ensemble for sensing proteins because
the probe exhibits monomer—excimer coemission in this
DTAB solution, which may easily change forward to
monomer-dominated emission or backward to excimer-
dominated emission.

Sensing Behaviors of 1/DTAB Assemblies for Non-
metalloproteins in HEPES Solution. The ensemble based
on 1/DTAB assemblies shows greatly enhanced fluorescence
stability in aqueous solution than the probe itself (Figure S3 in
the Supporting Information), indicating its possible application
in aqueous detection. We first measured the sensing behaviors
of 1/DTAB assemblies to six nonmetalloproteins, including PS
(pI 1.0), BSA (pI 4.7), O-egg (pI 4.7), BLG (pI 5.1—5.3), TPS
(pI 10.5), and LYZ (pI 11.0). These nonmetalloproteins can be
divided into two types: one is negatively charged proteins, with
pI being below physiological pH, and the other is positively
charged proteins, with pI being above 7.4. Interestingly, the
fluorescence responses to these two types of proteins are quite
different, although ratiometric responses were observed for
both cases. For negatively charged proteins including PS, BSA,
O-egg, and BLG, the ratiometric response is presented as a
remarkably enhanced monomer emission accompanied by a
significantly decreased excimer emission with increasing protein
concentration (Figures 3a and S4a—c in the Supporting
Information). The emission state of the probe changes from
monomer—excimer coemission to monomer-dominated emis-
sion with an isoemissive point at 445 nm, suggesting

DOI: 10.1021/acsami.5b06604
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Figure 4. (a) Fluorescence emission spectra of 1/DTAB (1.0 uM/6 mM) in HEPES buffer solution (10 mM, pH 7.4) upon the addition of Cyt C.
(b) Fluorescence quenching plot (I)/I) of 1/DTAB over the concentration of Cyt C (inset: linear relationship between I,/I and the Cyt C
concentration below 0.5 uM). (c) Fluorescence emission spectra of 1/DTAB (1.0 uM/6 mM) in HEPES buffer solution (10 mM, pH 7.4) upon the
addition of Ferr. (d) Fluorescence quenching plot (I)/I) of 1/DTAB over the concentration of Ferr. The error bars stand for the standard deviation

of three measurements.

transformation between two molecular conformations. For
positively charged proteins like LYZ and TPS, the ratiometric
response is presented with much smaller extent of monomer
enhancement and excimer reduction with increasing protein
concentration, where the emission state of the probe stays at
excimer—monomer coemission (Figures 3b and S4d in the
Supporting Information).

As illustrated in Figure 3c, the sensor system exhibits a
remarkable increase of the fluorescence intensity ratio of
monomer to excimer, I/I;, to the four tested negatively
charged nonmetalloproteins over a concentration ranging from
0 to 2.0 uM, while it shows a slight enhancement of I;/Ix to
the two measured positively charged nonmetalloproteins over
the same concentration range. The Iy;/Iy values are closely
related to the pI values of proteins that increase in the order of
PS (1.0), BSA (4.7), O-egg (4.7), BLG (5.1-5.3), TPS (10.5),
and LYZ (11.0). The lower the pI values are, the more negative
charges the protein bears, the bigger the I;/I; values appear
upon the addition of the protein, especially when the protein
concentration is above 0.5 yM. Such results indicate that the
electrostatic interaction between proteins and DTAB assem-
blies plays an important role in the process of sensing
nonmetalloproteins.

Sensing Behaviors of 1/DTAB Assemblies for Metal-
loproteins in HEPES Solution. We then measured the
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sensing behaviors of 1/DTAB assemblies to metalloproteins
including Cyt C (pI 10.7) and Ferr (pI 4.5). Both of these two
metalloproteins have metal cofactors that could acceépt energy
or charge from the excited state of the fluorophores.”**" In this
regard, it is easy to understand the turn-off response observed
for these two metalloproteins. As seen in Figure 4a,, the
fluorescence emission of the supramolecular ensemble
decreases continuously upon titration of Cyt C and Ferr. As
displayed in Figure 4b,d, the plots of Iy/I are linear over the low
concentration range of proteins and the concentration-
dependent quenching behaviors follow the Stern—Volmer
equation (1):

I/T=1+K,[Q] (1)

where I, and I are the excimer intensity of the 1/DTAB
ensemble at 500 nm in the absence and presence of different
concentrations of quencher, i.e., metalloproteins. K, denotes
the Stern—Volmer constant and can be extracted from the plots
of Iy/I versus [Q]. For Cyt C, a linear plot emerges at low
concentrations ranging from 0 to 0.5 4uM (inset of Figure 4b),
and the Ky value is calculated as 2.41 (+0.07) x 10° M~L. We
have also measured the Ky value at low concentrations of Ferr.
As shown in the inset of Figure 4d, the superlarge Kgy value,
1.71 (+0.32) X 107 M/, represents higher sensitivity to Ferr
than to Cyt C.

DOI: 10.1021/acsami.5b06604
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Pattern Recognition of Different Types of Proteins by
1/DTAB Assemblies. The versatile fluorescence responses of
the present supramolecular ensemble toward differently
charged nonmetalloproteins and metalloproteins may enable
it to provide recognition patterns for different types of proteins.
Therefore, the logarithm data of fluorescence variation (I/1,)
for both monomer and excimer emissions were collected for
different proteins. For enhanced fluorescence, a positive signal
provided as log(I/I,) is larger than 0; on the contrary, for
quenched fluorescence, a negative signal obtained as log(I/1,) is
smaller than 0. Figure S illustrates the response patterns of the

PS BSA O-egg BLG TPS LYZ CytC Ferr
0.2+ .
= ' ‘ Metalloproteins
= 0.0~ . —
o0 | i
=3 ' I
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024 L ST T |
Negatively-charged Positively-charged
nonmetalloproteins nonmetalloproteins;
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Figure S. Recognition patterns for proteins (0.2 yM) by collecting
fluorescence variation of monomer and excimer emissions. Each value
is an average of three parallel measurements.

fluorescent ensemble to the three types of proteins (0.2 uM).
Differential responses for different proteins reveal analyte-
specific patterns. For nonmetalloproteins, there are both
fluorescence enhancement and quenching. The values of |
log(I/I,)! of both monomer and excimer for negatively charged
nonmetalloproyeins are much larger than those for positively
charged nonmetalloproteins, which is the key that can
distinguish between these two types of proteins. For metal-
loproteins, the turn-off response mode with both negative
signals can discriminate them from nonmetalloproteins. Thus,
the present fluorescent ensemble provides a simple way of
discriminating nonmetalloproteins and metalloproteins by
presenting different response modes. This is advantageous
compared to the reported supramolecular ensemble based on a

polymer—surfactant complex that can discriminate metallo- and
nonmetalloproteins only at the nanomolar level by presenting
different extents of fluorescence quenching but cannot
differentiate them at a micromolar concentration because
they produce similar quenching responses because of the
disassembly of the polymer—surfactant complex.”® The
fluorescence responses to some metal ions were also measured
to check the possible influences from metal ions. As shown in
Figure SS in the Supporting Information, the sensor ensemble
displays very small fluorescence quenching responses to a series
of metal ions including Fe**, Cu**, Co’*, Zn**, Ni**, Ca**, Mg*",
Cd*, Pb**, and Ba** even at a concentration 10 times that of
proteins. Moreover, the previously observed multiple responses
to these metal ions by bispyrene fluorophores in SDS
assemblies are not found here (Figure S6 in the Supporting
Information).*® Therefore, the cationic surfactant ensemble can
function as responsive sensors to proteins without interference
from metal ions.

Sensing Mechanism of a Fluorescent Ensemble to
Metalloproteins. The observed quenching responses to
metalloproteins could be mainly due to the energy/electron
transfer from the surfactant-assembly-encapsulated fluorescent
probe to metalloproteins because this phenomenon has been
extensively reported for sensing metalloproteins.””~*’ The
possibility of fluorescence quenching induced by the dis-
assembly of the surfactant assembly is ruled out by dynamic
light scattering (DLS) measurements, where the size of the
supramolecular ensemble is retained or increased upon the
addition of metalloproteins (Figure S7 in the Supporting
Information). Time-resolved fluorescence decays were also
measured to explore the quenching mechanism. As illustrated
in Figure S8 in the Supporting Information and Figure 6, the
decay curves barely change and the lifetime ratio, 7,/7, nearly
equals 1 upon an increase in the concentration of both
metalloproteins, where 7, and 7 represent the lifetime of the
sensor system in the absence and presence of metalloproteins,
respectively. Such results suggest that the quenching by these
two metalloproteins is static in nature, indicating the binding of
metalloproteins with the sensor system.”' The higher
quenching efficiency of Ferr than that of Cyt C could be due
to the larger binding interaction of Ferr with DTAB assemblies
because Ferr (pI 4.5) carries negative charges at neutral pH.
The larger increase of the ensemble size by Ferr than by Cyt C

I/Tort/t

0

0.10 015 020
[Ferr] (uM)

- 3.0

4.5

4.0

3.5

1 {0
[Cyt C] (M)

0.0 0.5 1.5 2.0

Figure 6. Quenching plots of the fluorescence intensity ratio (I)/I) and the fluorescence lifetime ratio (7,/7) of 1/DTAB (1.0 uM/6 mM) to the

concentration of Ferr (a) and Cyt C (b).
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proves this assumption (inset of Figure S7 in the Supporting
Information).

Sensing Mechanism of a Fluorescent Ensemble to
Nonmetalloproteins. The observed ratiometric responses to
nonmetalloproteins could be due to the protein-binding-
induced aggregation changes of DTAB assemblies as observed
in our previous stucly,31 which, in turn, affect the molecular
conformation of the bispyrene probes in the surfactant
assemblies. Therefore, we measured the DLS and Tyndall
effects to estimate the size variation of the ensemble aggregate
in the presence of various proteins. As illustrated in Figure 7,

20 4 Blank  PS | BSA O-cggl BLG | TPS  LYZ
—u— Blank
—e— PS
—A— BSA

154 —v— O-egg
—¢— BLG Protein  Sizes (nm)
—<4— TPS _————

Blank 158 18
101 —>—LYZ b

Intensity (Percent)

10 100 1000 10000
Size (d. nm)

Figure 7. Size distribution of 1/DTAB (1.0 uM/6 mM) before and
after the addition of various proteins (0.5 #M). Inset: photographs of
the Tyndall effect of 1/DTAB upon the addition of various proteins
(0.5 uM).

the main size of the sensor aggregate prior to the addition of
proteins is ca. 158 nm, accompanied with smaller size
aggregates (ca. 18 nm). Upon the addition of 0.5 uM
nonmetalloproteins including PS, BSA, O-egg, BLG, TPS,
and LYZ, the size of the sensor ensemble changes to 342, 230,
231, 218, 160, and 165 nm, respectively. Clearly, the lower the
pI value of the protein is, the higher is the increase of the
aggregate size that is observed. Similarly, a more apparent
Tyndall effect was witnessed for the addition of proteins with
low pI values such as PS, BSA, and O-egg (inset of Figure 7).
This could be understood because the lower pI value endows
the protein with more negative charges at neutral pH and a
resulting stronger electrostatic interaction with DTAB
assemblies.”” The trend in the increase of the assembly size is
in accordance with the extent of ratiometric responses induced
by these nonmetalloproteins, verifying that the aggregation
changes of the sensor assembly are accountable for the
ratiometric responses. The earlier studies of the DTAB
concentration effect on the fluorescence emission of the
probe reveal that the changes of the DTAB assemblies from
premicelle to micelle facilitate the fluorescence emission varying
from monomer—excimer coemission to monomer-dominated
emission (cf. Figure 2a,c). Therefore, it is more likely that the
addition of nonmetalloproteins changes the sensor platform
from a loosely aggregated assemble to a micelle-like one.
Molecular Structure Effect of Bispyrenes on the
Sensing Performance of Fluorescent Ensembles to
Proteins. It is worth noting that the currently observed
quenching responses to metalloproteins and ratiometric
responses to other nonmetalloproteins such as BSA and BLG
were not observed in our previous sensor system based on

monopyrene fluorophore/DTAB assemblies, which exhibit only
ratiometric responses to PS and O-egg.”" The multiple sensing
behaviors of the present supramolecular ensemble could be due
to the use of bispyrene fluorophores and the different locations
of the probe in DTAB assemblies. The effective quenching of
the present ensemble by metalloproteins suggests that the
location of probe 1 in DTAB assemblies is accessible to the
added proteins, which is more likely at the interface between
the surfactant assembly and aqueous solution. This is possible
because a polar spacer is used to connect the two pyrene
moieties.

To evaluate the role of spacer polarity between the two
pyrene moieties in the sensing process, we particularly
synthesized a control bispyrene fluorophore, 2, with the same
length but a hydrophobic spacer (Scheme S1 in the Supporting
Information). We first measured the DTAB concentration
effect on its fluorescence emission in HEPES buffer solution. It
displays similar fluorescence variation from excimer-dominated
emission to monomer—excimer coemission and then to
monomer-dominated emission with increasing DTAB concen-
tration (Figure S9 in the Supporting Information). The
difference is that the DTAB concentration for 2 to emit
monomer—excimer coemission is at 7 mM rather than at 6 mM
for 1. Then, we examined the protein sensing behaviors of two
ensembles based on 2/ DTAB assemblies: one is with 6 mM
DTAB like the sensor system based on 1, and the other is with
7 mM DTAB, exhibiting monomer—excimer coemission similar
to that of 1 with 6 mM DTAB. Interestingly, both control
ensembles exhibit quite different sensing behaviors compared
to 1/DTAB, where the ratiometric responses to non-
metalloproteins and turn-off responses to metalloproteins are
much smaller (Figures S10 and S11 in the Supporting
Information). These results indicate that the hydrophilic
structure between the two pyrene moieties in 1 indeed plays
an important role in the multiple sensing behaviors of detecting
proteins.

To deeply understand the effect of the spacer polarity on the
sensing performances, we further examined fluorescent
ensembles based on three more control bispyrene compounds
with different spacer lengths: two with hydrophilic spacers also
containing oxyethylene units (1A and 1B) and one with a
hydrophobic spacer containing only methylene units (2A). The
structures of 1A, 1B, and 2A are shown in Scheme S2 in the
Supporting Information, and the synthesis of these molecules
was reported in our previous work.*® Interestingly, both 1A and
1B are found to start to emit monomer—excimer coemission in
6 mM DTAB as probe 1 does, whereas 2A is found to display
such an emission in 7 mM DTAB, as probe 2 does (Figure S12
in the Supporting Information). Then, the sensing behaviors of
the five fluorescent ensembles that all exhibit monomer—
excimer coemission were measured and compared. The results
are shown in Figure S13 in the Supporting Information. It can
be seen that either for the ratiometric responses to non-
metalloproteins (Figure S13a,b in the Supporting Information)
or for the quenching responses to metalloproteins (Figure
S13c,d in the Supporting Information), the ensembles based on
bispyrene containing hydrophilic spacers usually exhibit larger
extent responses than those containing hydrophobic spacers.
Such results further prove that the spacer polarity of bispyrene
probes plays a critical role in the high sensitivity and multiple
responses to proteins.

Time-Resolved Emission Spectroscopy (TRES) of
Bispyrene/DTAB Assemblies. The difference in sensing
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Figure 8. Time-resolved emission spectra of (a) 1/DTAB (1.0 uM/6 mM) and (b) 2/DTAB (1.0 uM/7 mM) in HEPES buffer solution (10 mM,

pH 7.4).

behaviors of the measured fluorescent ensembles may be due to
the different locations of bispyrene fluorophores in DTAB
assemblies, which could be determined by their spacer polarity.
Generally, pyrene molecules were found to be localized in the
so-called palisade layer of the micelle, which is described as the
region between the micelle surface and the micelle core.”** As
to the spacers of the bispyrene fluorophore, the hydrophilic one
is more likely located outside the palisade layer, whereas the
hydrophobic one is more possible in the hydrocarbon core of
the DTAB assemblies. This assumption is verified by the TRES
measurements. As shown in Figures 8 and S14 in the
Supporting Information, these bispyrene/DTAB ensembles
exhibit quite different excimer formation mechanisms. Excimer
formation for bispyrene fluorophores with hydrophilic spacers,
such as 1, 1A, and 1B, is apparently time-dependent (Figures 8a
and Sl4ab in the Supporting Information). The absence of
excimer in the early time gate (e.g, 0—4 ns) and gradual
increasing of the excimer contribution in the late time gate
strongly suggest that the excimer of 1, 1A, and 1B is formed via
Birks’ scheme, where an excited monomer diffusively
encounters a ground-state monomer and forms an excimer
before emission.*’ Differently, the spectrum profiles of 2 and
2A are characterized by pyrene excimer over the whole time
gate (Figures 8b and Sl4c in the Supporting Information),
indicating that the excimer of bispyrene with hydrophobic
spacers forms via a preformed scheme, where the %round—state
pyrene dimers are excited and decayed together.® Moreover,
we found that the excimer formation of 1 also follows Birks’
scheme in the good solvent (acetonitrile) and obeys the
preformed scheme in the poor solvent (water; Figure S15 in the
Supporting Information). The similarity in the excimer
formation mechanism of 1, 1A, and 1B in DTAB and that of
1 in the good solvent suggests that the two pyrene moieties of
fluorophores with hydrophilic spacers are mobile and can move
freely to form a dynamic excimer in DTAB assemblies. On the
contrary, the similarity in the excimer formation of 2 and 2A in
DTAB and that of 1 in the poor solvent indicates that the two
pyrene moieties locate in a restricted microenvironment and
cannot move freely. Therefore, the simple difference in the
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polarity of the spacer connecting two pyrene moieties leads to
different locations of the bispyrene fluorophore in surfactant
assemblies, which further influences the sensing behaviors of
the resulting fluorescent ensembles.

According to the above results and discussion, a schematic
cartoon describing the protein sensing process of the present
ensemble sensor and that of the control ensemble is illustrated
in Scheme 2. Prior to protein addition, the bispyrene probe 1 is

Scheme 2. Cartoon Representation of the Protein Sensing
Process by (a) 1/DTAB and (b) 2/DTAB Assemblies

Nonmetalloprotein

Metalloprotein

located at the palisade layer of the loosely packed DTAB
assemblies, with the spacer moving flexibly (Scheme 2a). The
aqueous surroundings facilitate the two pyrene moieties to form
a dynamic excimer. Upon the addition of proteins, on the one
hand, the added negatively charged nonmetalloproteins lead to
the formation of micelle-like aggregates, and as a result, the
polar spacer was stretched along the palisade layer with the two
pyrene moieties separately located inside the inner layer, giving
rise to monomer emission; on the other hand, the added
metalloproteins induced significant fluorescence quenching
because of electron/energy transfer from the assembly
surface-located bispyrene probe to metal-containing cofactors.

DOI: 10.1021/acsami.5b06604
ACS Appl. Mater. Interfaces 2015, 7, 2248722496


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06604/suppl_file/am5b06604_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06604/suppl_file/am5b06604_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06604/suppl_file/am5b06604_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06604/suppl_file/am5b06604_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b06604

ACS Applied Materials & Interfaces

Research Article

The quenching effect surpasses the possible ratiometric
variation induced by assemble conformation changes. Differ-
ently, the control bispyrene 2, located in the confined
hydrophobic core of DTAB assemblies with preformed excimer,
is less sensitive to the variation induced by the added proteins

(Scheme 2b).

4. CONCLUSIONS

In summary, a fluorescent ensemble based on bispyrene 1/
DTAB assemblies could provide multiple responses to the
tested proteins: ratiometric responses to nonmetalloproteins
and turn-off responses to metalloproteins. The former is
attributed to the electrostatic interactions between DTAB
surfactants and proteins that induce different extents of
aggregation variation of surfactant assemblies, which was
verified by DLS and Tyndall effect measurements. The effective
quenching responses to metalloproteins are ascribed to energy/
electron transfer between metalloproteins and the probe. The
studies with control ensembles reveal that the polarity of the
spacer connecting two pyrene moieties plays an important role
in locating the bispyrene fluorophores in the surfactant
assemblies, which further influences the sensing process of
the resulting ensemble. The present work provides a simple
way of discriminating metallo- and nonmetalloproteins by
providing different response modes and sheds light on the
molecular design of fluorescent probes for constructing
fluorescent sensing ensembles.
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