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ABSTRACT. A new cationic dansyl derivative-based (DIISD) fluorescence probe was designed
and synthesized. Its combination with anionic surfactant SDS assemblies shows enhanced
fluorescence intensity and blue-shifted maximum wavelength. Its fluorescence can be slightly
quenched by Cu®", however, the fluorescence quenching efficiency by Cu®" is highly increased
upon titration of arginine (Arg). As a result, the ternary system containing the cationic
fluorophore, anionic surfactant, and Cu®" function as a highly sensitive and selective sensor to
Arg. The optimized sensor system displays a detection limit of 170 nM, representing the highest
sensitivity to Arg in total aqueous solution by a fluorescent sensor. Control experiments reveal
that the imidazolium groups in the fluorophore, the anionic surfactant, and Cu®" all play
important roles in the process of sensing Arg. The electrostatic interaction between the cationic

fluorophore and anionic surfactants facilitates the binding of imidazolium rings with Cu®", the

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Langmuir

surfactants surface-anchored Cu?" is responsible for further binding of Arg, and the electrostatic
interaction between anionic surfactants and positively charged amino acids accounts for the

selective responses to Arg.
INTRODUCTION

Amino acids are the basic units of biological macromolecular proteins, and are also the essential
components of life processes. Detection of amino acids is highly demanded in various fields such
as nutritional analysis and medical diagnosis of diseases (e.g., Alzheimer and pancreatitis)." A
great number of methods have been reported to detect various amino acids, which include
chrornatographic,2 electrochemical,” and spectroscopic approaches4’5. By comparison,
fluorescent chemosensors possess several advantages such as high sensitivity, high selectivity,
easy operation, and real time or online detection.® Therefore, fluorescent sensors for amino acids
have attracted great attention in recent years.

For example, Feng et al. reported that BINOL displayed on-off fluorescence responses to
Cu®’; in the process, BINOL was oxidized to dibenzo[a,kl]xanthen-1-0l. This oxidized
fluorescent probe showed selective turn-on fluorescence responses to thiol-containing cysteine
(Cys), homocysteine (Hcy), and glutathione (GSH) against other amino acids in
acetonitrile/water.” Yang et al. synthesized a ratiometric fluorescent sensor based on
monochlorinated BODIPY for highly selective detection of GSH over Cys and Hcy in
acetonitrile/HEPES buffer.® Wang and coworkers reported using a coumarin-derived complex,
Hg,L,, as a highly sensitive and selective probe for the detection of Cys in DMSO/H,0.” Zhu et
al. designed a chiral polymer and found its in sifu complex with Zn*" could function as a

fluorescent sensor for highly enantioselective recognition of N-Boc-protected alanine in THF."
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However, instead of using pure aqueous solutions, many of the reported fluorescent sensors
for amino acids are used in organic solvent-water mixtures.''* Moreover, the types of amino
acids that can be detected by fluorescent sensors are still limited. For example, fluorescent
sensors for arginine are rarely reported. Therefore, developing simple, efficient, and inexpensive
probes for the fluorescent recognition of more types of amino acids in total aqueous solution is
highly desirable.

Amphiphilic surfactant molecules can form heterogeneous supramolecular assemblies in
aqueous solutions, such as premicelles and micelles.'* The hydrophobic domain formed by the
hydrocarbon tails of surfactants can be used to encapsulate organic fluorophore. This strategy has

been widely used in developing aqueous fluorescent sensors for various analytes, namely metal

18,19 20,21

ions like Cu?*, Hg*", and Cd*", etc.,""” explosives, and proteins™~. However, this strategy
for preparing fluorescent sensors for amino acids has been rarely reported.

In the present work, we designed and prepared a cationic dansyl-based fluorophore containing
imidazolium group and combined it with anionic surfactant assemblies and Cu** to function as
an aqueous fluorescent sensor for amino acids. Fluorescence studies reveal that the
fluorophore/SDS/Cu*" assemblies exhibit high sensitivity and selectivity toward arginine (Arg).
To the best of our knowledge, there have been no reports on using surfactant assemblies to
fabricate fluorescent sensors for Arg. The specific binding of fluorophore/SDS/Cu’* to arginine

leads to highly selective quenching of the SDS aggregation encapsulated fluorophore, allowing

sensitive detection of arginine with a detection limit of 170 nM.
EXPERIMENTAL SECTION

Reagents and Instruments
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Dansyl chloride (98%), bromoacetyl bromide (99%), diethylenetriamine (DETA, 98%), trifluoro
acetic acid (99%), phenyl tert-butyl carbonate (98%), sodium dodecyl sulfate (SDS, >99%),
decyltrimethylammonium bromide (DTAB, >98%), Triton X-100 (TX100), all the amino acids
including L-arginine (Arg, 99%), L-glutamic acid (Glu, 99%), D-aspartic acid (Asp, 99%), L-
lysine (Lys, 99%), cysteine (Cys, 99%), glycine (Gly, 99%), L-threonine (Thr, 99%), L-serine
(Ser, 99%), L-alanine (Ala, 99%), L-proline (Pro, 99%), L-leucine (Leu, 99%), L-tryptophan
(Try, 99%), and L-histidine (His, 98%), HEPES (>99.5%) and 1-methyl imidazole (>99%) were
all purchased from Sigma-Aldrich company and used without further purification.

Melting point was measured on Microscopic Melting Point Meter (Beijing Tech Instrument).
The '"H NMR and "*C NMR spectra of the synthesized chemicals were obtained on a Bruker
Avance 400 MHz NMR spectrometer. The FTIR spectra were measured on a Fourier Transform
Infrared Spectrometer (Vertex 70v, Bruker, Germany). The high resolution mass spectra (MS)
were acquired in ESI positive mode using a Bruker Maxis UHR-TOF Mass Spectrometer.
Fluorescence measurements were conducted at room temperature on a time-correlated single
photon counting fluorescence spectrometer (Edinburgh Instruments FLS 920). UV-vis absorption
spectra were recorded on a spectrophotometer (Lambda 950, Perkin-Elmer, USA).

Synthesis of the target imidazolium-derived dansyl-based fluorophore, DIISD

The synthesis process of the target cationic dansyl-based fluorophore, namely DIISD, from the
commercially available starting materials is illustrated in Scheme 1. To obtain this target
compound, several internal compounds including DETAB, DBSD, and DBrSD were needed to
be first synthesized. DETAB was synthesized according to a patent method,” and used directly
for the synthesis of DBSD. The detailed synthesis procedures of DBSD, DBrSD, and the target

DIISD are provided as follows:
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Scheme 1. Synthesis of bis-imidazolium derivative of dansyl-based fluorophore, DIISD.
Synthesis of compound DBSD. DETAB (2.7 g, 9 mmol) was added to a stirred dry
chloroform solution (70 mL) containing 2.7 g dansyl chloride (7 mmol). The reaction mixture
was stirred for 12 h at room temperature, and the reaction process was monitored by thin layer
chromatography (TLC). The solvent was evaporated and the residue was purified by column
chromatography (hexane/ethyl acetate, v/v, 1:1) to afford DBSD as a yellow solid (1.6 g, yield
41%). '"H-NMR (J ppm, 400 MHz, CDCls): 8.54 (d, J = 8.0 Hz,1H), 8.27 (d, J = 8.0 Hz, 1H),
8.12 (d, J=8.0 Hz, 1H), 7.56-7.48 (m, 2H), 7.17 (d, J = 8.0 Hz, 1H), 5.06 (s, 2H), 3.38-3.29 (m,
8H), 2.87 (s, 6H), 1.41 (s, 18H); *C NMR: (6 ppm, 101 MHz, CDCLs): 156.05, 151.72, 134.39,
130.43, 130.00, 129.97, 129.29, 128.27, 123.11, 119.08, 115.20, 79.07, 48.36, 45.23, 39.41,
28.33 ppm; ESI-MS (m/z) (C2H40N406S): calculated [(M+Na)']: 559.2566, Found: 559.2560.
Synthesis of compound DASD. Trifluoroacetic acid (4.7 mL, 50 mmol) was dropped to the
CH,Cl, solution (9 mL) containing DBSD (0.4 g, 7 mmol). The resulting mixture was stirred
overnight at room temperature. Then, the solvent was evaporated, and the residue was dissolved

in 10 mL water. The aqueous layer was basified (pH ~ 9) with saturated sodium carbonate
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solution and extracted with CHCl;. The organic layers were combined and dried over anhydrous
Na,SO4 overnight, filtered, and concentrated in vacuo to afford yellow oil DASD, which was
used directly for the next step reaction.

Synthesis of compound DBrSD. DASD (0.25 g, 7 mmol) and triethylamine (0.4 mL) was
dissolved in CH,Cl, (50 mL) at 0 °C. A solution of bromoacetyl bromide (0.24 mL, 28 mmol) in
CH,CI; (12 mL) was added dropwise to the cooled solution for about 30 min. Then the reaction
mixture was stirred at room temperature for about 2 d. The reaction progress was monitored by
TLC. Finally, the solution was washed with water (3 x 50 mL) and passed over anhydrous
Na,;SO4 and concentrated. The residue was purified by column chromatography (hexane/ethyl
acetate, v/v, 1:3) to afford DBrSD as a yellow solid (0.25 g, yield: 62.5%). "H-NMR (6 ppm, 400
MHz, CDCls): 8.57 (d, J= 8.0 Hz, 1H), 8.19 (d, J = 8.6 Hz, 1H), 8.09 (d, J= 8.0 Hz, 1H), 7.57 -
7.50 (m, 2H), 7.20 (d, J = 8.0 Hz, 3H), 3.74 (s, 4H), 3.46 (s, 8H), 2.89 (s, 6H); °C NMR (d ppm,
101 MHz, CDCly): 166.86, 151.72, 133.99, 131.11, 130.03, 129.90, 129.79, 128.57, 123.55,
119.33, 115.60, 47.85, 45.46, 39.13, 28.85; EMS-MS (m/z) (C0H26BrN4O4S): calculated
[(M+Na)']: 600.9919, Found: 600.9911.

Synthesis of the target compound, DIISD. DBrSD (0.25 g, 0.4 mmol) and methylimidazole
(0.14 mL, 1.6 mmol) was dissolved in THF (50 mL). The resulting solution was refluxed for 2.5
d under nitrogen. The reaction process was monitored by TLC. At last, the reaction solution was
filtered, and the left solid was heated in acetone under reflux for 8 h, filtered, and washed with
ether to afford the title compound as a yellow solid (0.15 g, yield 65.2%). m.p.: 134.5 ~ 136.8
°C. "H NMR (& ppm, 400 MHz, CDCls): 9.13 (s, 2H), 8.78 (t, J = 8.0 Hz, 2H), 8.50 (d, J = 8.0
Hz, 1H), 8.15 (d, J = 8.6 Hz, 1H), 8.04 (d, J = 8.0 Hz, 1H), 7.67-7.62 (m, 4H), 7.28 (d, J = 8.0

Hz, 1H), 4.98 (s, 4H), 3.90 (s, 6H), 3.42 (t, J = 8.0 Hz, 4H), 3.31 (t, J = 8.0 Hz, 4H), 2.83 (s,
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6H); °C NMR: (6 ppm, 101 MHz, DMSO): 165.23, 151.48, 137.65, 134.65, 129.86, 129.27,
128.25, 127.96, 123.74, 123.63, 123.01, 118.67, 115.29, 50.48, 47.19, 44.92, 38.06, 35.90; IR
(KBr) vinax (cm™): 3405 (-NH), 3046 (Ar-H), 1623 (C=0), 1589 (C=N), 1318 (C-N), 1060 (S-N);
ESI-MS (m/z) (C,sH3sNsO4S* Br): calculated [((M/2)-Br) ]: 291.1366, Found: 291.1366.
Preparation of samples

The stock aqueous buffer solution of HEPES (200 mM, pH 7.4) were prepared by dissolving
HEPES solid into water and adjusted by NaOH (1.0 M) to obtain the physiological pH. The stock
solutions of DIISD were prepared in water with a concentration at 0.25 mM. The stock solutions
of amino acids (2.5 mM) and those of various metal ion salts (2.5 mM) were also prepared in
water. The aqueous stock solutions of SDS (20 mM), DTAB (40 mM), and TX100 (1.0 mM)
were prepared in water, and diluted to prepare the aqueous solutions of these surfactants at
various concentrations. All aqueous solutions were prepared from Milli-Q water (18.2 MQ cm at
25 °C).

The samples of aqueous solutions of DIISD (10 uM) for all kinds of measurements were
prepared in 10 mM HEPES buffer solutions (pH 7.4), where the appropriate amount of the stock
solutions of DIISD and HEPES were first mixed and then diluted by water, or the necessary
surfactant aqueous solutions.

Fluorescence titration measurements

To a 3.5 mL quartz cuvette containing 2.5 mL testing solution in HEPES buffer (10 mM, pH
7.4), proper amounts of the examined analyte solutions were added with a micropipette and the
resulting solution was stirred by a capillary tube. After this, the fluorescence spectra were

measured with the excitation wavelength at 350 nm.

RESULTS AND DISCUSSION
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Studies on the basic photophysical properties of DIISD

The steady-state fluorescence emission of DIISD (10 uM) was measured in different aqueous
media that include only water, SDS (10 mM), DTAB (16 mM), and TX100 (0.5 mM), where all
the solutions were prepared in HEPES buffer (10 mM, pH 7.4). The surfactant concentration was
controlled above their corresponding critical micelle concentration (CMC). Interestingly, this
cationic fluorophore shows very stable fluorescence emission either in water or in all the
surfactant aqueous solutions (Figure S1, Supporting Information, SI). The surprising stability of
the cationic fluorophore in water reveals that the fluorophore can be well dissolved in water. The
fluorescence emission spectra in these media are shown in Figure la. Clearly, the fluorescence
intensity of DIISD is greatly enhanced in the presence of SDS micelles. The maximum emission
wavelength is also blue-shifted from 564 nm in neat water to 537 nm in SDS solution. However,
both the fluorescence intensity and the maximum emission do not apparently vary either in
DTAB or in TX100 solution. The exposure to UV light (365 nm) reveals bright fluorescence
emission only from SDS aqueous solution. The other two surfactant solutions exhibit similar
dark emission as that in neat water. Dansyl moiety is a well-known polarity-sensitive probe and
its maximum emission usually blue-shifts and the intensity increases along decreasing polarity of

. 2325
its surroundings.

Thus, the decreased polarity around dansyl moieties in SDS micellar
solution suggests that the fluorescent probe is successfully encapsulated in the hydrophobic core
of SDS micelles, where the hydrophobic interaction between dansyl moieties and SDS micelles
should play a role. Moreover, the only encapsulating into SDS micelles rather than into DTAB
and TX100 micelles also indicate that the electrostatic interaction between fluorophore and

surfactant plays an important role in encapsulating the cationic fluorophores in the surfactant

assemblies. The encapsulation in SDS assemblies also significantly increases the fluorescence
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quantum yield of the fluorophore from 2.1% in water to 9.5% in SDS aqueous solution.
However, the quantum yield is not increased either in TX100 (2.4%) or DTAB (2.2%) aqueous

solutions.
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Figure 1. (a) Fluorescence emission spectra of DIISD (10 uM) in water, SDS, DTAB, and
TX100 aqueous solutions (10 mM HEPES, pH 7.4). (b) Fluorescence emission spectra of DIISD
(10 uM) in water and different concentrated SDS aqueous solution (10 mM HEPES, pH 7.4).
(Aex =350 nm)

We also examined the concentration effect of SDS on the fluorescence emission of the probe.
As observed in water, the cationic fluorophore shows stable fluorescence emission in all the
tested SDS aqueous solutions (Figure S2 in the SI). Figure 1b illustrates the fluorescence
emission spectra of the cationic fluorophore in different concentrated SDS aqueous solutions (10
mM HEPES, pH 7.4). Clearly, the increasing concentration of SDS from 2 to 4 mM leads to
notable enhancement of fluorescence intensity and blue-shift of the maximum emission
wavelength, indicating the polarity of the microenviroments surrounding the fluorophore in the
SDS aggregations decreases. Such results suggest that SDS molecules over the range of 2~4 mM

may already form some aggregates and provide hydrophobic microdomains for the cationic
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fluorophore. Interestingly, further increasing SDS concentration from 4 to 12 mM does not bring
much change either in the intensity or the maximum wavelength, revealing that the microdomain
polarity of SDS aggregations is similar when SDS concentration is above 4 mM in HEPES
buffer solution.
DIISD/SDS/Cu** assemblies as sensor platform for Arg in aqueous solution
Considering copper ion is a universal quenching ion and imidazolium group can bind with
Cu®*",***7 we intended to add Cu®" to the aqueous solutions containing DIISD to quench the
fluorescence emission. Then, some amino acids that can bind Cu®" ions may be able to turn on
the Cu®"-quenched fluorescence such as Gly*® and Cys’. As a result, a turn on fluorescence
sensor for amino acids may be obtained. However, the added Cu®* (100 uM) did not produce
much fluorescence variation of the cationic fluorophore (10 pM) in the aqueous buffer solution
(Figure S3 in the SI). The reason for this could be due to the good solubility of the cationic
fluorophore in aqueous solution. Thus, the two imidazolium groups are flexibly separated due to
electrostatic repulsion, which is unfavorable for them to cooperate to bind with Cu®".

As previously reported, the negative SDS aggregations can attract Cu® jons and enhance

15,28 .
“® Moreover, evidenced

fluorescence responses of the encapsulated fluorophore to the analytes.
by the steady-state emission studies, the SDS aggregations can encapsulate the cationic
fluorophore, which may shorten the distance between the two imidazolium groups and increase
the chances of binding with Cu®". Therefore, we added Cu®" to the aqueous buffer solution
containing DIISD/SDS ([DIISD] = 10 uM; [SDS] = 4 mM). As expected, the addition of copper
ions (35 M) indeed caused some extent of quenching of the fluorescence emission of the sensor

system. However, the further added amino acids did not cause any fluorescence recovery. On the

contrary, one of the tested amino acids, Arg, induced further fluorescence quenching. As shown
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in Figure 2a, the addition of 35 uM Cu®" quenched ca. 11% of the original fluorescence
emission. The gradual titration of Arg from 5 to 35 puM induced significant fluorescence
quenching, where ca. 83% of the fluorescence emission was further quenched by the addition of

35 uM Arg in the presence of Cu®".
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Figure 2. (a) Fluorescence emission spectra of DIISD/SDS upon addition of Cu®" (35 pM) and
successive gradual addition of Arg in aqueous solution (10 mM HEPES, pH 7.4) (Aex = 350 nm).
(b) Fluorescence quenching of DIISD/SDS/Cu”" ([DIISD] = 10 uM, [SDS] = 4 mM; [Cu®] = 35
uM) by Arg and further added Cu®" (Inset: Photos of DIISD/SDS/Cu®” in the absence of
quenchers and in the presence of 30 uM Arg and 30 pM Cu®" upon illustration of 365 nm UV
light).

However, further addition of Cu®" to the 35 pM Cu”*-quenched system produced much less
fluorescence quenching. As shown in Figure S4 in the SI, the further addition of even 100 uM
Cu’" did not produce as much fluorescence quenching as observed for the addition of 35 uM
Arg. The fluorescence quenching efficiency, (/y/I)-1, was collected for both experiments and the
results are shown in Figure 2b, where [, represent the maximum intensity of the fluorophore/SDS
in the presence of 35 uM Cu”", and I represent the fluorescence intensity at the same wavelength

upon addition of either Arg or extra Cu®’. It can be seen that under the same experimental
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condition, the addition of similar amount of Cu*" produce much less fluorescence quenching than
Arg. The exposure of the sensor system to UV light (365 nm) also discovered that the quenching
by the addition of Arg leads to dark emission, whereas, the remaining fluorescence emission
upon the addition of further more Cu®" illustrates low quenching by Cu®" (inset of Figure 2b).

We also checked the fluorescence responses of the sensor system to Arg in the absence of
Cu*" and found that the gradual addition of Arg even to 950 pM barely produced any
fluorescence variation (Figure S5 in the SI). These results suggest that Cu®" is the one that
produces fluorescence quenching but with a low efficiency, and Arg is the one that facilitates the
significant fluorescence quenching of the DIISD/SDS assemblies by Cu”". Therefore, this Arg-
facilitated fluorescence quenching may enable the fluorophore/SDS/Cu’’ system to function as a
turn-off sensor for Arg. As we know, Arg is a very important type of amino acid and is involved

in many important biological processes.”!

Therefore, many types of methods for detection of
Arg have been exploited, which include visual detection based on gold nanoparticles,”
radiochemical HPLC,*'*? gas chromatography,” enzymatic end-point analysis,* electrochemical
sensor,”> and evanescent wave infrared chemical sensor,’® etc. However, these methods either
need sample pretreatment,*> or involve several reaction steps,”* or have low sensitivity®. This
makes photoluminescent sensors are highly demanded in virtue of sensitivity and convenience®”.

37-40 and

However, the reported fluorescent and phosphorescent sensors for Arg are still very rare,
some even have disadvantages such as detecting in organic solvents,”® and low sensitivity™.
Therefore, it is worthy to examine the sensing behavior of DIISD/SDS/Cu*" to amino acids in
detail, to obtain highly sensitive and selective fluorescent sensor platform for aqueous detection

of Arg, and to understand the sensing mechanism.

Concentration effect of Cu®" and SDS on the sensing behavior of DIISD/SDS/Cu** to Arg

ACS Paragon Plus Environment
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To obtain the optimized sensor platform for Arg, the concentration effect of both Cu** and SDS
on the sensing performance was examined. Firstly, the fluorescence responses of
DIISD/SDS/Cu?" in HEPES buffer solution (10 mM, pH 7.4) toward Arg were investigated with
different concentrations of Cu®" (ranging from 5 pM to 40 pM), where the SDS concentration
was fixed at 4 mM. For this measurement, a certain amount of Cu*" was first added in the
fluorophore/SDS system, and the maximum fluorescence intensity was recorded as Iy. Then, the
stock aqueous solution of Arg was gradually added in the sensor system, and the fluorescence
intensity at the same wavelength was recorded as /. The Stern-Volmer equation /y// = 1 + Ksy
was used to analyze the quenching kinetics of these sensor systems containing different
concentrations of Cu?", where Kgy is the Stern-Volmer quenching constant and represents the
sensitivity of the corresponding sensor system. As shown in Figure 3a, the concentration of Cu*"
could effectively influences the sensitivity of the sensor system to Arg. The highest sensitivity is
observed in the presence of 25 uM of Cu”". Thus, the concentration of Cu®" was controlled at 25

uM for the DIISD/SDS/Cu”" sensor system.
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Figure 3. (a) Cu”" concentration effect on the sensitivity of DIISD/SDS/Cu”" to Arg in HEPES
buffer solution (10 mM, pH 7.4); (b) SDS concentration effect on the sensitivity of

DIISD/SDS/Cu*" to Arg in HEPES buffer solution (10 mM, pH 7.4).
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Then, the SDS concentration effect on the sensitivity to Arg was also measured. For this
measurement, a series of DIISD/SDS solutions containing different concentrations of SDS were
first prepared. Then, 25 puM Cu®" was added in these solutions to obtain a series of
DIISD/SDS/Cu*" sensor systems, and the maximum fluorescence intensity was taken as . After
this, the aqueous stock solution of Arg was gradually titrated in the above solutions, and the
fluorescence intensity at the same wavelength was recorded as /. Similarly, the Ksy values were
determined from the slopes of plots of /y/ of different sensor systems upon the concentration of
Arg to evaluate their sensitivity. As shown in Figure 3b, the DIISD/SDS/Cu*" systems over a
SDS concentration range of 3~5 mM possess a higher sensitivity than the other systems, and the
one with 4 mM SDS exhibits the highest sensitivity. From the above results, we control SDS
concentration at 4 mM and Cu®" at 25 uM to obtain the optimized ternary sensor system and use
it for the following studies. This ternary system was characterized by dynamic light scattering
(DLS) and transmission electron microscopy (TEM). DLS revealed that the diameter of the
aggregates is ca. 158.6 nm (Figure S6, SI). TEM images found similar diameter range of these
aggregates (Figure S6, SI). These results suggest that the present ternary sensor system exist as
micellar like aggregates.

Sensitivity and selectivity of DIISD/SDS/Cu** sensor system to Arg

Sensitivity and selectivity are two of the most important characteristics of a sensor. Therefore,
we systematically examined the sensitivity and selectivity of the optimized sensor system to Arg.
Figure 4a illustrates the fluorescence emission variation upon addition of Arg from 2 to 80 pM.
The fluorescence intensity of DIISD/SDS/Cu”* was taken as Iy, and the one in the presence of
Arg was taken as /. The plot of (lp/]) — 1 as a function of Arg concentration is illustrated in

Figure 4b. Clearly, the plot is linearly increasing upon enlarging Arg concentration to 35 uM and
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then reaches a plateau as Arg concentration is larger than 40 uM. The variation of (/o/]) — 1 upon
Arg concentration below 35 uM were repeatedly measured for three times and the results were
shown in the inset of Figure 4b. The error bars represent the calculated standard deviation for
three individual replicate measurements. Clearly, the linear relationship between (/p//) — 1 and
Arg concentration below 35 uM follows the Stern-Volmer equation,
(Io/I) — 1 = Ksy[Arg].

The Ksy value is determined to be 1.34 x 10° M. This super large Ksy value represents a very
high sensitivity to Arg. The detection limit is determined to be as low as 170 nM (c.f. SI for
detailed determination process). As far as we know, this is the lowest detection limit that has
been reported for detecting Arg using a fluorescent sensor (Table 1). We have also measured the
fluorescence responses of this ternary system to D-arginine (D-Arg) and found that the sensor
platform exhibits similarly remarkable fluorescence decreasing in the presence of D-Arg (Figure
S7, SI). These results suggest that the prensent sensor can respond to both types of arginine,
which makes it a specific sensor to arginine. The present work used L-arginine (Arg) as a

representative of arginine.
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Figure 4. (a) Fluorescence emission spectra of DIISD/SDS/Cu”" sensor system upon titration of
Arg in HEPES buffer solution (10 mM, pH 7.4) ([DIISD] = 10 mM, [SDS] = 4 mM, Aex = 350
nm). (b) Fluorescence intensity ratio, (/o//)-1, over the concentration of Arg, where /; and / stand
for the fluorescence intensity of DIISD/SDS/Cu’" in the absence and presence of Arg,

respectively (Inset: the linear relationship between (/o/I)-1 and Arg concentration below 35 uM).

Table 1. Detection limit of Arg by various detection methods

Detection method DL (uM) Ref.
Fluorescent sensor 0.17 Present work
Fluorescent sensor 23 35
Fluorescent sensor 2.05 36
Fluorescent sensor 10 37
Phosphorescence sensor 0.23 38

Visual detection based on nanoparticles 0.016 29
Evanescent wave infrared chemical sensor 5 34
Electrochemical sensor 10 33

Then, the fluorescence responses of the sensor system to the other 12 amino acids were also
measured. As shown in Figure 5, among all the other tested amino acids, only Lys could produce
some extent fluorescence quenching. However, its quenching efficiency is determined to be 2.7 x
10* M, much smaller than that of Arg. The detailed fluorescence responses of DIISD/SDS/Cu**
upon the titration of Lys and the determination of Kgy are provided in Figure S8 in the SI. The
other 11 amino acids barely produce any fluorescence variation. When exposed to 365 nm UV
light, the quenching of the green emission of the sensor system could only be visualized by the
addition of 30 uM of Arg. It suggests that the present sensor system has a good selectivity to the

presence of Arg and the detection of Arg could be visualized by using UV light exposure.
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Figure 5. Top: Photos of DIISD/SDS/Cu”" in the absence and presence of various amino acids at

30 uM upon exposure to 365 nm UV light. Bottom: Fluorescence variation of DIISD/SDS/Cu*’
upon addition of various amino acids from 5 to 30 uM ([DIISD] = 10 uM; [SDS] =4 mM; [Cu®]
=25 uM).

Sensing mechanism of DIISD/SDS/Cu** to Arg

The present sensor system exhibits very interesting sensing performance to Arg. It is worthy to
understand the sensing mechanism. Therefore, a series of control experiments were conducted to
examine different factors that may influence the sensing process.

Firstly, we substituted Cu®" in the sensor system with different metal ions to evaluate the role
of Cu®" or metal ions in the sensing process to Arg. Therefore, a series of metal ions (25 uM)
were individually added to the DIISD/SDS solutions to obtain various DIISD/SDS/Metal-Ion
systems. The responses of these sensor systems to the added Arg were measured and listed in
Figure 6. It can be seen that unlike Cu®", the presence of all the other metal ions including AI*",
Zn*", Fe'', Pb>", Hg*", Ba®", Mg®", Cd*", Ni*", and Co”" did not induce responses of the
DIISD/SDS system to Arg. These results suggest that Cu”” is the only critical metal ion that can
enable the sensor system to respond to Arg. This could be due to two reasons: one is that Cu®"

26,27

could bind with both Arg*'** and imidazolium group®®?’, and the other is that Cu*" is a
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fluorescence quencher. It is known that Arg can also bind with Mg®"*" The negative
fluorescence responses of DIISD/SDS/Mg”>" to Arg may be due to that Mg*™ does not produce
fluorescence quenching. On the other hand, the slight responses to Arg in the presence of some
quenching metal ions like Fe’*, Ni*", and Co®" may be attributed to the lack or weak binding of
these metal ions with Arg and imidazolium group. This assumption is approved by UV-vis
measurements. As illustrated in Figure S9 in the SI, the addition of Arg only produces variation
of absorption of DIISD/SDS in the presence of Cu”". For the systems with Mg®", Ni*", and Fe’",
no apparent absorption changes are observed upon the titration of Arg, indicating slight binding

between metal ions other than Cu®" with Arg.

x
P x

LS T A x
\ £ X =

s S ‘Ce"‘x 2 \MQ’\

Figure 6. Fluorescence variation of DIISD/SDS/M"" (10 uM/4 mM/25 uM) in HEPES buffer
solution (10 mM, pH 7.4) upon the titration of Arg. Note: M™" refers to various metal ions listed
in the figure.

Secondly, we examined the surfactant charge effect on the sensing process to Arg by
substituting SDS in the DIISD/SDS/Cu®" system with cationic surfactant DTAB and neutral
TX100. The results are shown in Figure 7. Clearly, the substitution of SDS with DTAB and
TX100 in the sensor system leads to inert responses to Arg. Moreover, the absence of SDS also
leads to none responses to Arg even in the presence of Cu>” (Figure S10 in the SI). As shown in
the inset of Figure 7, the exposure to UV light revealed that the sensor system with either DTAB

or TX100 is more like the one in the water absence of surfactants. These results suggest that the

ACS Paragon Plus Environment
18



Page 19 of 27

©CoO~NOUTA,WNPE

Langmuir

presence of anionic surfactant is also critical for DIISD/SDS/Cu”" sensing to Arg. The negative

surfactant may play multiple roles in the present sensor platform. On one hand, it forms

assemblies with the cationic fluorophore and shortens the distance between the two imidazolium

groups and enables them to bind with Cu®" to cause fluorescence quenching; on the other hand,

its negative surface charges can attract Cu”" through electrostatic interaction and enhances the
2+ 15

. . + 4 . . . .
local concentration of Cu”', ° and as a result, increases the chances of Cu’ binding with amino

acids.

1 —s—4mmMsDs /
4 —e—8 mM DTAB /
A—0.5mM TX100

—v— Water

I/1)-1

SDS SDS DTAB TX100 Water

blank +30 ptM Arg
0 — R ) |
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0 10 20 30 40 50
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Figure 7. Fluorescence variation of DIISD in different surfactant solutions in the presence of 25
uM Cu*" upon addition of Arg. Inset: Photos of the solutions under 365 nm UV light.

We also investigated the role of imidazolium group in the fluorophore in the sensing to Arg.
Therefore, we substituted DIISD in the sensor system with DBrSD and measured the
fluorescence responses of this new system to Arg. As illustrated in Figure S1la in the SI, the
dansyl derivative without imidazolium shows no responses to Arg under the same testing
condition. Moreover, its fluorescence can not be as quenched by Cu®" (Figure S11b, SI) as that
of DIISD in SDS aqueous solution (Figure S4, SI), suggesting the binding with Cu®" occurs for

DIISD rather than DBrSD. UV-vis measurements also reveal slight variation of absorbance of
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DBrSD upon the addition of Cu*" to the solution of DBrSD/SDS and the further addition of Arg
(Figure S11c in the SI). These differences between DIISD and DBrSD systems indicate that the
imidazolium group in DIISD is an essential unit for the fluorophore to function as a sensor to
Arg, which empowers the fluorophore to both electrostatically interact with SDS assemblies and
to bind with Cu®". The binding of imidazolium unit with Cu* probably comes from the N atom
that is connected with methyl group.*

Based on the above results and discussion, we proposed a possible mechanism for the
DIISD/SDS/Cu’" sensing Arg (Scheme 2). Firstly, the cationic fluorophore assembles with the
anionic surfactant SDS aggregations through the electrostatic interaction between imidazolium
group and sulfate group. Then, the two imidazolium units are close enough to bind with Cu**
attracted by the negative surface of SDS aggregation, which leads to some fluorescence
quenching. However, the two imidazolium groups in the fluorophore provide only two binding
sites for Cu®", which renders a weak fluorophore-Cu”" complex since a stable copper complex

% This may be the reason why the presence of Cu®" alone

usually needs 4 binding ligands.
leads to a very low quenching efficiency to the fluorophore. The addition of Arg, which can bind
with Cu®" and provide two more binding sites through its amino and carboxylic groups,®*!

enables the bisimidazolium fluorophore, copper ion, and Arg to form a more stable sandwich

structure, which leads to enhanced fluorescence quenching of Cu®" to the fluorophore.
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Scheme 2. Schematic representation of the sensing process of DIISD/SDS/Cu”" to Arg.

27 However, it is known that besides Arg, Cu®" could also bind with several other amino acids
29 such as Cys, Asp, Glu, and His.***® Then, why does the sensor system only selectively and
sensitively response to Arg? This may be due to the different charges carried by the side chain of
34 these amino acids at the physiological pH 7.4. It is known that Arg and Lys are basic amino acid
36 (pI is 10.76 for Arg and 9.47 for Lys) and carries positive charge at pH 7.4.*” The plI value for
39 His is 7.64, leading to much less positive charges carried by His at pH 7.4.*” Moreover, Asp, Glu,
41 and Cys possess negative charges at pH 7.4 as their pl values are 2.77~2.98, 3.08~3.22, and 5.15,
43 respectively.*** Thus, as a result, only Arg and Lys can be electrostatically attracted to the
46 negative surfaces of SDS aggregations, forms complex with Cu®", and enhances the quenching
48 efficiency of copper ions to the SDS aggregation-encapsulated fluorophores, which agrees with
the results shown in Figure 5. These results indicate that SDS aggregation plays a third role in
53 sensing Arg, which is attracting positively charged amino acids through electrostatic interaction,

55 which is the key factor determining the selectivity toward Arg. The larger pl value of Arg may
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be responsible for the higher sensitivity to Arg than to Lys, which enables Arg carries more
positive charges at pH 7.4.

We then measured the fluorescence responses of the present ternary sensor system to Arg in a
biological matrix, namely, bovine serum solution, to check its potential application for biological
samples. Bovine serum was dilluted 500-fold with HEPES (10 mM, pH 7.4) buffer before
detection. The sensor system can still respond to Arg although with a smaller sensitivity
compared to in aqueous solution (Figure S12a, SI). Moreover, the selectivity to Arg is also
retained when measured in serum solution (Figure S12b, SI). This suggests that our method can
be possibly applied to biological samples.

CONCLUSION

The ternary system containing the cationic imidazolium-derived dansyl fluorophore, anionic
SDS assemblies, and Cu®" exhibits high sensitivity and selectivity towards Arg among the 13
tested amino acids. Control experiments reveal that the absence of either the imidazolium group
in the fluorophore, or the negative surfactant, or Cu®" leads to inert responses of the ternary
system to Arg, approving the necessity of the three components in the sensor system in
realization of the selective and sensitive recognition of Arg. The electrostatic interaction between
the cationic fluorophore and the anionic surfactant assemblies enables the two imidazolium rings
in near vicinity to bind Cu®". The imidazolium ring anchored Cu®" ions then function both as a
bridge to further bind amino acids and as a quencher to the fluorophore emission. Moreover, the
negative surface of the supramolecular assemblies empowers the anchored Cu*" ions to
selectively bind with the positively charged Arg at physiological pH. The present work, on one
hand, enlarges the scope of analytes of surfactant assemblies-based fluorescent sensors, and on

the other hand, realizes the highly sensitive and selective detection of Arg in organic-solvent-free,
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total aqueous solution with a detection limit of 170 nM. Moreover, this method does not need
pre-sample treatment and the reponse is fast, which makes the present method a fast and

convenient way to detect arginine.
ASSOCIATED CONTENT

Supporting Information. Fluorescence quantum yield measurements, determination of
detection limit to Arg, fluorescence stability of DIISD in various media, fluorescence responses
of various control systems to Cu" or Arg, fluorescence responses of DIISD/SDS/Cu*" to Lys,
UV-vis absorption of DIISD/SDS/M™" to Arg, and fluorescence and UV-vis absorption responses
of DBrSD/SDS/Cu”" to Arg. This material is available free of charge via the Internet at
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