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ABSTRACT

A synthesized compound, ethyl 2,5-diphenyl-2H-12ig0le-4- carboxylate
(EDTC) was investigated on its physiochemical patams and structural properties
by using the quantum-chemical method. The resuitshe theoretical spectrum of
EDTC were line with experimental fluorescence abdoaption spectrum in large
degree. Then EDTC was successfully synthesized toovel rhodamine-based
fluorescent probe (REDTC), which showed a distfhairescence enhancement upon
the presence of Hgin dimethyl formamide-water ( DMF-4D) buffer solution (pH
7.4). Meanwhile, the triazole appended colorlessmymmund turns to pink upon
complex formation with Hf ions as 1:2 molar ratios and enables naked-eye
detection. The chromogenic mechanism was determinbég using

spectroscopic measurements and TD DFT calculatidre fluorescence imaging
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experiments of Hg in HeLacell revealed that the probe REDTC could be labeled
and it could be used in biological systems. Aldwe intermediate EDTC was
developed as a sensitive fluorescent probe forifspastudies on the interactions to
three kinds of blood proteins including human seratbumin (HSA), human
immunoglobulin  (Hlg) and bovine hemoglobin (BHb) hysing a series of
spectroscopic methods and molecular docking unkersimulative physiological
conditions. The interactions between EDTC and thmsdeins led to the distinct
fluorescence enhancement. The thermodynamic mehsaselts further suggested
that hydrophobic forces play a dominating role tabgizing the complexes, which
are in correspondence with the results from moéecudlocking. The UV-visible,
synchronous, and three-dimensional (3D) fluoreseemeasurements demonstrated
that EDTC influences the conformational of protessd the microenvironment
surrounding HSA, Hlg, or BHb in aqueous solution.

Keywords: ethyl 2,5-diphenyl-2H-1, 2, 3-triazole-4-carboxgastructural properties;

Hg?*ions; binding; blood protein.

1. Introduction

Since the representative research on the Ca(@yzed azide-alkyne
cycloaddition reaction for the synthesis of 1,2j8zole in 2002[1], this organic
reaction as the so-called click chemistry has heielely applied in various fields of
biological, chemical, macromlecualr materials ahdrmaceutical sciences due to its
manifold chemical versatility and orthogonality[2]L,2,3-triazoles, a class of
five-membered nitrogen heterocycles manifest ailpged structural component in a
great variety of bioactive molecules, which haveergly been well investigated on

account of their low toxic effects and several pi@cological properties[3]. They can



also act as ligands capable of binding to variowtaimions. Therefore, it is very
important to prepare novel 1,2 3-triazole derivegivwith various functional
substituents in order to discovery compounds psgsgscoordination ability to
different transition metals as well as new typediofogical activity[4,5,6]. Among
the various probes of detecting metal ions, rhodarbiased fluorescent probes have a
time-honored role due to their excellent spectrpec@roperties, such as long
absorption, large extinction coefficient and enuaswavelength, high fluorescence
guantum vyield, and high light stability[7]. Up taw, several fluorescence probes
based on triazole-rhodamine complexes have also teperted and can be applied to
detect specific metal ions [8-10].

It is well known that heavy metal pollutionvusdespread and be derived from
extensive natural and anthropogenic sources, wtachthreat to the humanity's life
even at low concentrations because of the accumwellahd toxic properties. As one
of the most prevalent toxic heavy metals, mercwy, mercury ion (H§) is
considerably harmful to the environment and the &urhody. Excessive intake of
mercury accumulation will cause multitudinous cheodiseases such as headache,
deafness, visual impairment, central nervous syséem even irreversible damage of
the brain. Therefore, developing a highly selectiwel rapid method for detecting
mercury ions is still a vital need in order to sobhe problem of increasingly urgent
mercury pollution in water and the environment. #@all, the colorimetric sensors
have drawn greater attention due to the advantaigist response, signal visibility,
and application for on-site and high throughput soseament[11-12]. In present work,
ethyl 2,5-diphenyl-2H-1,2,3-triazole-4-carboxylafeDTC, Scheme 1) was a new
compound[13] and introduced to rhodamine B to sgsitte a novel derivative named

REDTC, which exhibited excellent selectivity towaid™* with chromogenic reaction



over other metal ions.

On the other hand, given the biological significa of the |, 2, 3-triazoles, recent
studies have revealed that 1, 2, 3-triazole maetand related heterocyclic
compounds have been identified as bioactive madscudnd occupied a prominent
field in medicinal chemistry because of their tipenatic properties and favorable
metabolic stability. Thus, their drug-like propedihave been developed and made
full use in medicinal chemistry[2]. It is a well-&wn face that proteins are frequently
the ‘targets’ for therapeutically active pharmadsals of both synthetic and natural
origin[14]. The blood proteins serve on the shigpaiject for small molecule drugs,
and the bonding interaction between drugs and iprdtas a great impact on the
distribution of these drugs in the body and theesponding model of metabolism
and excretion. So it is an important research arethe binding properties of small
molecule drugs to plasma proteins.

Among of various target proteins, three kinds aidol proteins including human
serum albumin (HSA), human immunoglobulin (Hlg) dmaline hemoglobin (BHb)
were usually applied to as plasma model proteirjs|AS one of the model blood
protein, HSA is the most abundant multifunctionabtpin and takes up large
proportion of the total protein content of plasrigplays a vital role in transporting
and depositing several exogenous and endogenoustasabs including dyes,
hormones, fatty acids, and numerous drugs in thedoktream to the related target
organ [16]. The second model protein is HIg, whitbolved in different cell actions
and human immune response. It is usually used asbibmarker of numerous
diseases such as cancers, liver disease, Alzhsirdiease, inflammatory bowel
disease, infectious disease and autoimmune dise&sdl7]. As the third model

protein, hemoglobin (Hb) is also one of the majardtional proteins in the vascular



system of animals. It belongs to an iron-contaimmgtalloprotein and responsible for
the transportation of oxygen in blood red cellse Thanges in the abnormally high or
low amount of Hb in human serum can cause somelpesealthy problems, such as
anemia and polycythemia[18]. The above three kimdsmodel proteins are
widespread used in biochemical and biophysical aedes on the bonding
interactions between proteins and small molecllss 17,18]. The various
spectroscopic techniques have become more valualgthods to study these
interactions at the molecular level in consideratad the advantages of rapidness,
sensitivity, convenience, and high simplicity[1®8]lowever, many types of research
are based on the phenomenon of fluorescence quendfi proteins by small
molecular drugs and thus led to the second streictahanges of these
biomacromolecules [20-21]. In the present papeis ihteresting that we reported a
new array on the interaction of EDTC with threeda@roteins by the fluorescence
enhancement.

In short, we designed and synthesized a novelaimine B derivative REDTC
by using EDTC and rhodamine B, which shown a distahromogenic reaction with
Hg®" over than other metal ions originated the opemifighe spironolactone ring.
Then the structural properties and physiochemiaghmpeters of EDTC were studied
by quantum-chemical methods. Finally, based on ftherescence enhancement
mechanism, as a special probe, EDTC was useddy #te interaction to HSA, Hig
and BHb by fluorescence spectroscopy, UV/vis alismrp spectroscopy and
molecular modeling methods. These results areitstespectroscopic application and
bioactivity results on EDTC or REDTC at the molesukvel, which can illustrate the

nature of EDTC or REDTC information for further dogpation.

2. Materials and Methods



2.1. Materials and apparatus

EDTC was provided by Organic Chemistry Laboratafy Hainan Normal
University, China, and the stock solution (1.0%Iol /L) was prepared in methanol.
Both of blood proteins, including HSA(10 g/50 mLhdaHIg(2.59/50 mL) were
purchased from Shanghai Bio Science & TechnologyBEFb(solid) was purchased
from Worthington Biochemical Corporation. All prate stock solutions were
dissolved in 20 mM, Tris-HCI buffer pH 7.4, and #t@ncentration is 3.0x10mol /L.
Sodium hydroxide (NaOH) and chloride salts inclgdid**, P, Mg?*, Mn**, H*,
Fe¥, z**, Mo?*, Cdf*, CU#”, Na', Ni**, Cd*, C&", K'and Ad, and were acquired
from Sinopharm Chemical Reagent Co., Ltd (ShangBhina). All other reagents
were of analytical reagent grade and obtained cawialy without further
purification. Doubly distilled water was used thghwut the experiment.

NMR spectra were measured on a Bruker Avance #008pectrometer at room
temperature. Fluorescent spectra were obtaineaing an RF-5301PC spectrofluoro
photometer (Shimadzu, Japan) equipped with a xéamap source and a water bath.
UV-vis absorption spectra were recorded on a Hitadd3900/3900H
spectrophotometer (Hitachi, Japan) equipped with dm quartz cells. The 3D
fluorescence spectra were recorded on an F-700&reflfeorophotometer (Hitachi,
Japan). The pH measurement was performed on a BHEFB meter (Shanghai,
China).

2.2 Yynthesis

As shown in Scheme S1, the first step is tdlmsize rhodamine B hydrazide
according to the literature [22]. Rhodamine B (4,®.1 mmol) was dissolved in 20
mL ethanol in a 50mL flask, 80% hydrazine hydr&en{L) was then added with

stirring at room temperature and the stirred mixtwas heated to reflux for 3 h . Then



water (50 mL) added to the mixture was extracteth wthyl acetate (50 mL) three
times. The combined organic layer was dried ovéydrous sodium sulfate and then
filtered, affording intermediaté as a yellow solid (0.52 g, 54.74%H NMR (400
MHz, CDCh):5 (ppm) = 1.16 (t, J = 6.8 Hz, 12H),3.34 (g, J = A2 8H), 3.61 (s,
2H), 6.30 (m, 2H), 6.45(m, 4H), 7.1 (m, J = 2.64 &), 7.44 (m, 2H), 7.94(m, 1H);
YCNMR (400 MHz, CDCJ) & (ppm) = 166.03, 153.75, 151.45, 148,78,132.39,
129.91, 128.00, 127.95, 123.71, 122.83, 107.94,41087.89, 77.32, 77.00, 76.68,
65.82, 44.25, 12.50.

The second step is a synthesis of REDTC lesnf®: A mixture of EDTC (100
mg, 0.34 mmol), and potassium hydroxide (100 m@9 Inmol) in 10 mL of a 1:1
mixture of ethanol: water was stirred for four mguthen heated to reflux for two
hours. After cooling to room temperature, hydrodlacid was added dropwise with
stirring until the pH of the solution was belowThe mixture was poured into water
and extracted with ethyl acetate. The organic phvese washed three times with
water and dried over N8O,. The solvent was removed by evaporation, affording
solid of 2.3mL SOGlIwas added to the flask of compoutycand the reaction mixture
was refluxed for three hours at/90Then the residuary SOQNas distilled out and
obtained the residu® The residue3 was dissolved in 10 mL dichloromethane and
was mixed with intermediaté (150mg, 0.33mmol) and 1 mL triethylamine. The
mixture was stirred at room temperature for 12mtbgtracted with ethyl acetate.
After drying, the crude product was purified onleca column using petroleum ether:
ethyl acetate (3:1, v/v) as the eluent to afforadoict REDTC (148.7 mg,61.98%H
NMR (400 MHz, CDC}):8 (ppm) = 1.36 (t) = 7.2 Hz, 12H),3.34 (g} = 7.2 Hz, 8H),
6.37 (m, 3H), 6.77 (m, 2H), 7.32(m, 1H), 7.35 (M)47.45 (m,2H), 7.53(m,2H),

7.52 (m,2H), 7.84(m,3H), 7.87 (m, 1H)*CNMR (100 MHz, CDCI3)5(ppm) =



171.07, 164.97, 158.32, 153.82, 151.18, 149.44,9B48138.96, 137.32, 133.15,
129.46, 129.34, 129.20, 129.04, 129.01, 128.78,3B2828.25, 128.02, 124.13,
123.51, 119.18, 107.99, 104.44, 97.59, 77.32, {76®8, 66.32, 60.31, 44.31, 29.62,
20.96, 14.12, 12.53. HR-MS (ESI) calcd.for [M+H]04.3349 found 704.3348.
2.3 Quantum chemical calculation of EDTC

The molecular structure of EDTC in the groundestaas fully optimized by using
GaussView5.0 program package at Hartree-Fock Rexsirialgorithm level. The
Configuration Interaction with Single excitation€I§) method was carried out to
fully optimize the configurations of the lowest @rd state. The molecular orbital of
EDTC was analyzed by HF/6-31G (d) method. The thgmal absorption spectra and
fluorescence emission spectra of EDTC was calalatdy using
the time-dependent density functional theory (TDIRFThen the values of electron
affinity and ionization potential of EDTC were olstead by Gaussian 09 software at
the DFT//B3LYP/6-31G* algorithm level [23]. Alsoabed on Gaussian 09 program
package, B3LYP method was applied to fully optimithe molecular structure of
REDTC and calculate the structural energy in teahEANL2TZ basis set for Hg
and 6-311G (d) basis set for H, C, N, O, and Feetygely [24].
2.4 General fluorescence spectra and UV-vis measurements on REDTC

The solutions of REDTC and Hipf different concentrations were prepared by
stepwise dilution of a concentrated stock soluf@® mM for REDTC and 5 mM for
Hg®") in acetonitrile and water, respectively. The sg@nalyses were carried out in
DMF-H,O buffered (Tris-HCI, v/v, 2/8, pH 7.40) solutioh r@om temperature. The
concentration of REDTC for fluorescence and UV-wisasurement was 1x%0nol
/L. The solutions of different metal ions were @egm with chloride salts in water

solution. Fluorescence and UV-vis spectrophotometiirations were done by



successive addition of corresponding chemical neagging a microliter syringe. To
evaluate the selectivity of REDTC for detectiorHuf", a series of competitive metal
ions, including PB, Mn**, K*, Nd', Ag', c&*, Cd*, C&*, CU/*, Fe*, zn**, Ni**,
Hg®*, Li* and Md", at a final concentration of 500 nM, were testetiofving the
identical experimental procedure.
2.5 Céell culture and fluorescence imaging

HeLa cells were cultured on a 6-well plate withemsity of 2 x 13 cells per well
in cell incubator at 37 with a humidified atmosphere for 12 h before stajnAfter
removing culture media, cells were additionally e with PBS buffer three times.
Then Hela cells were incubated with chemosensor REDOuM) in the culture
media containing ethanol for 30 min at'37Experiments to assess Hlgiptake were
performed in the same culture media supplementéd 26 pM Hg®* for 30 min.
Moreover, the fluorescence images were acquirenigir fluorescence microscopy.
2.6 Analytical procedure of the interaction of EDTC with three proteins

Fluorescence measurements: The stock solutionsS#¥, Hilg, and BHb were

diluted to 5puM, 5uM, and 6x10 mol/L respectively. The intrinsic fluorescence
studies were done in a 1 cm path length cuvette.H8A/HIg /BHb alone and in the
presence of EDTC samples were excited at 278 ntheamnssions were taken in the
range of 280 to 500 nm. The test solutions comgi.05 mol /L Tris-HCI buffer
(pH 7.40) and HSA/HIg /BHb solution were titrate¢ Buccessive additions of
1.0x10" mol /L EDTC, respectively. Moreover, the excitatiand emission slit width
was set 5 nm for HSA and BHb while 10 nm for HIidl #fuorescence spectra were
measured at three temperatures (300 K, 310 K, @0dK3, which were kept by
recycling water throughout the experiment. The Byoeous fluorescence spectra

were tested by a constant scanning intendalof 15nm and 60nm under the same



concentration condition at room temperature.

3D fluorescence measurements: The stock contemtraf EDTC, BHb, HSA
and Hlg were 1.0xIHmol /L, 5pM, 2x107 mol /L, and 1x13 mol /L respectively.
The 3D emission spectra of three kinds of bloodging in the absence and presence
of EDTC were recorded at the exiting wavelengthgnag from 200 to 350 nm and
the emission wavelength ranging from 200 to 700 fihre excitation and emission
slit widths were set 5 nm.

UV-vis absorption measurements: The UV-vis ghison spectra of free
HSA(4x10" mol /L), Hig(1x10" mol /L) and BHb(2x10 mol /L) in the absence and
presence of increasing amount of EDTC were perfdratethe wavelength range of
200-600 nm in a pH 7.4 tris-HCI buffer solutionrabm temperature. The absorbance
titrations were performed by varying the concemdreg of EDTC (0-11.647M for

HSA, 0-20uM for Hlg and 0-1QuM for BHb, respectively).

Molecular docking: The crystal structure of HE?DB ID: 51D7), Hig (PDB ID:
5DZN), and BHb (PDB ID: 3WHM) were obtained fronetRrotein Data Bank. The
three-dimensional structure of the EDTC molecules vwanstructed in SYBYL
software. The credible binding modes were compbtedsing SurflexDock program
in SYBYL 7.3 software as follows: The polar hydragatoms were added, and the
structure of water molecules were removed from c¢hestal structure. Then the
docking simulations were initiated by SYBYL softwahen a binding pocket was
established by introducing the Kollman-all atomrges to protein atoms, and EDTC
molecule was docked into the prepared protein. [in&urflex-Dock produced the

top 20 options of binding conformation for eactahg ranked by total scores [23].

3. Results and discussion
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3.1 Thestructural and photochemical properties of EDTC

Generally, Frontier Molecular Orbitals (FMO's) luding the highest occupied
molecular orbital (HOMO) and lowest unoccupied mncalar orbital (LUMO) are
both of the most important tools used in quantuendltry. Based on FMO's theory,
the interaction between HOMO and LUMO levels of tkacting species results in
the formation of a transition state. Moreover, ingher the LUMO energy shows the
harder the acceptance of electrons from electravatiteg substitutes [25]. Fig. S1 (A)
showed the calculated ground-state geometry opdtoiz of EDTC by
GaussView5.0 software at the Hartree-Fock Restiicsdgorithm level, which
displayed that the structure of EDTC is nonplaif&e compound EDTC consists of
37 atoms, and the geometrical parameters of ED€l@dimg bond length, bond angle
and dihedrals are listed in Table S1 (as shownuippfmental Materials) by using
HF/6-31G(d), CIS/6-31G(d), and B3LYP/6-31G(d) basists respectively. From
Table S1, it can be seen that the calculated valliesnd lengths and bond angles are
semblable at these three levels of calculationgre@at degree. The range of bond
length is between 1.07 A and 2.39 A, and that eftibnd angle varied from 90.70 to
157.85°. However, the dihedrals seem somewhat rdiffe given using various
computing methods. It is noticeable, the C-C baryths in two benzene rings (Tag
C6-C17) are between 1.36 and 1.48 A at three levealing that bonds are longer
than the C=C double bond (1.34 A), but much shahan the typical C-C single
bond (1.54 A) and some bonds are shorter tharofirairmal C-N bond (1.47 A)[26].
These information further confirmed that the molacwstructure of EDTC is no
planar.

Fig. S1 (B-1) and Fig. 1 (B-2) showed LUMO artODMO of EDTC,

respectively. The calculated value of LUMO (-0.06V} is higher than that of
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HOMO (-0.2402eV), which suggested that EDTC has keeaability to accept
electrons from other electron donating group. Siamdously, some physicochemical
parameters were also calculated by the diffusetimme B3LYP/6-311G+ (d) at the
DFT//B3LYP/6-31G* algorithm level such as adiabationization potential
(6.2688eV), vertical ionization potential (6.458 )eWertical electron affifinity
(2.0962¢eV) and adiabatic electron affinity (2.728Laespectively. These values
revealed that it is easy for EDTC to lose an etector the electron accepting the
ability of EDTC is very weak [27].

Usually, the HOMO-LUMO gap is an important indma related to the
luminescent properties [28]. The present computachrpeters indicated that the
electron transition of EDTC focused primarily on MO - LUMO transition,
suggesting that EDTC had luminescent properties aodnfirmed by the
experimental spectra as followings. Fig. (1A) ig fbredicted electronic absorption
spectra of EDTC by time-dependent DFT (TD-DFT) akdtions. The corresponding
UV-vis absorption spectra of EDTC in methanol wel®wed in the inset of Fig.
1(A). We can see that both of the two graphs hheesemblable profiles with double
peak, but there is some difference in the positibtiheir maximum absorption peaks.
Nevertheless it is noted that the second biggesirabion peak is at 286 nm, which is
very close to that of the experimental measuren(@8® nm). It is reported that the
absorption peak observed at about 280 nm was ltkedyto =-* transition and the
formation of polyener bonds by one triazole ring and two benzene rirfgeIC
[29]. Fig. 1 (B) is the calculated fluorescence ®sitn spectra of EDTC by TD DFT
and those experimented in methanol (illustrationFig. 1(B)). The position of
the maximum fluorescence emission peak is locate87d4 nm for the calculated

theoretical spectra and 350 nm for the correspa@ndirasured spectra, respectively.
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The reasonable excuse about the distinction istiegatonjugated aromatic compound
EDTC causedi—n* transition from the ground state to the excitéates In general,

the polarity of the ground state is weaker than thahe excited state, and low polar
solvent can have more impact on stabilizing theugdostate. So it led to the shift
the position of maximum fluorescence emission tawahe longer wavelength side
[30]. Herein, As a high polar molecule, methanoused as a solvent of EDTC and
therefore resulted in the blue-shift effect withe thaximum fluorescence emission

peak from 374 nm to 350 nm.
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Fig. 1 (A) The electronic absorption spectra of EDTCdwted by TD-DFT
calculations. Inset: the absorption spectra of EDieasured in methanol.
(B) The fluorescence emission spectra of EDTC ptediby TD-DFT
calculations. Inset: the fluorescence emissiowtspef EDTC measured
in methanol.

Based on the above results on the UV-Vis absorgmahfluorescence spectra, it
proclaimed that the computed results are consistgntthe experiment results to a
great extent. Taking into account the characterstiucture of EDTC, it is inferred
that EDTC should have larger fluorescence quanttfimiency because of it is
fluorescent emission peak at 350 nm and is an éxpeblue light emitting material
in the field of organic light-emitting diodes [31].

3.2 Synthesis and spectroscopic characterization of REDTC

A number of highly selective chemosensors for tetection of various metal

ions (such as Ci, Cd*, F€", Zn** and Hg" etc) based on click produced triazole

have been applied and designed [32-35]. Theorbticgiven the triazole unit

containing ester group, it is possible and feasible EDTC to synthesize with
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rhodamine B hydrazide[36]. So EDTC was explored aydthesized with the
rhodamine hydrazide to successfully produce a rredamine B derivative REDTC
by a serious of synthetic reaction (Scheme S1). RERQvere characterized by
'HNMR(Fig. S2),2*C NMR(Fig. S3), and HRMS(Fig. S4) respectively.

The spectral signature of REDTC was investigatetl¥yvisible absorption and

fluorescence measurements in DMKZIH(1:1, v/v, Tris-HCI buffer pH=7.4) buffer

solution (Fig. S5 and Fig. S6As shown in Fig. S5, the maximum absorption
wavelength was found at 275nm, which attributetheoformation oft-z* transition
and polyener bonds by one triazole ring and more benzene 29jsHowever, the
characteristic absorption band of rhodamine B a&ualb60 nm was not observed,
demonstrating its existence in spirolactam form].[34g. S6 is the fluorescence
spectra of REDTC measured in the same solutiongiwéihowed that the positions of
the maximum excitation and emission wavelengthsewadr 262 nm and 354 nm
respectively. Compared to the fluorescence speaxpysof EDTC(inset in Fig. 1B), it
seems that REDTC is a higher polar molecule with #hift of the maximum
fluorescence emission peak towards to shorter wagéh from 281 nm to 262 nm
[30].
3.3 Spectral characteristics of REDTC for metal cations

It is reported that rhodamine spironolactone arofgctam compounds are
colorless and nonfluorescent, while the correspumdipironolactone/lactam with
ring-opening can generate distinct fluorescencesgiom and show a pink color. In
general, a suitable ligand on a spirolactam ringléng about a color variation along
with a fluorescence change in the presence of soetal ions[38]. To get an insight
into the binding properties of REDTC toward diversetal cations, the fluorescence

spectra of REDTC (1) in DMF-H,0 buffered (20 mM, pH 7.40, 1/1, v/v) solution
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upon addition of a wide range of metal cationsudiig AF*, PE*, Mg?*, Mn?*, H?",
Fe*, zr®*, Mo®*, Cdf*, CU, Na', Ni**, Cd*, C&", K'and Ad at the excitation 562
nm were recorded(Fig. 2A). In Fig. 2A, it showedittithere was no obvious
characteristic emission observed for free REDTC.cBynparison to various metal
ions, only Hg" can induce a significant fluorescence enhancemlesg¢rved at 577
nm accompanied with a color change from colorlesspink, while Ad could

simultaneously cause a very weak fluorescence eehaent.
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Fig. 2 (A) Fluorescence spectra (a) and fluorescenansities (b) at 577nm of
REDTC (1x10° mol L) in DMF-water (v/v=1/1, Tris-HCI, pH 7.4) in
the presence of various cations (5%¥fol L'Y) (hex=562 nm).

(B) Relative fluorescence intensity of the REDTCte presence of K
and other metal ions. Inset: Photographs of the REIh the presence
of H** and other metal ions.

The addition of Hg" to REDTC resulted in a 180-fold increase in flismence
intensity at 577 nm (Fig. 2B). The inset in Fig. 2Bowed photographs of the
REDTC in the presence of Bgand other metal ions. Other metal ions, such &5 Al
P, Mg®*, Mn**, HE!, Fe*, zr?*, Mo?*, cdf*, CU, Na', Ni**, C&*, K and
Cda'ions, did not show any significant color and spactrariation under same
conditions except for Ag suggesting that Aghas a slight capacity to induce the
spirolactam ring-opening of REDTC to some exterdwiver, it seems that REDTC
possibly generated a new compound witi*Hand led to a ring opening from the
spirolactam (nonfluorescent) to ring-opened amftim(escent). The result indicated

that REDTC is a more sensitive response t&' kit than other metal ions.

To further detect sensibility of REDTC on Hgons, the fluorescence titration
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experiments were carried out upon the gradual madéf Hof* ions (Fig. 3A). As the

increasing concentration of Bgons, it was observed a significant enhancement in

the fluorescence intensity of REDTC at 584 nm. Hesvewith the addition of the

increasing amount of Hg ions, the fluorescence intensity of REDTC graduall

became saturated when the concentration of" Hgached 46,M. The linear

fluorescence intensitys the concentration of H§ was obtained in the range of

2.80x10>-4.67x10°mol /L(R?*=0.9840, Fig. S7). Moreover, the limit of detectioh

REDTC (1x10° mol/L) was determined to be 1.61 x1Mol/L (36/K). The detection

limit is equal to 8/K, wherec is the standard deviation of the blank solutions khe

slope of the curve of the fluorescence intensityswe the sample concentration [39].

However, a continuous decrease in the fluorescenersity was observed for further

increments of H@* concentration. As a result,seems that RMPTC is special probe in

qualitative detection on Hg** under physiological conditionsather than an ideal

probe in the quantitative determination of Hg*".
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Fig. 3 (A) Fluorescence spectra.i=562 nm) of REDTC (1x10-5 mol /L) upon the
addition of Hg" in DMF-water (v/v=1/1, Tris-HCI, pH 7.40). The
illustrationis: graph of the fluorescence intensityp77 nm as a function of
Hg?* concentration.

(B) The Job’s plot according to the method for amndus variations,
indicating the stoichiometry for REDTC-Flgthe total concentration of
REDTC and H§" is 5QuM).

In order to obtain the coordination number of REDBCHf" ions, the job’s
plot was performed by using the equimolar contirsueariations method[40], and the
corresponding results were shown in Fig. 3B. It banseen that the fluorescence
intensity at 577nm of the REDTC-Bgcomplex was achieved at a approximate mole
ratio of 66.7% of Hg" ions, which means that a ratio of 1: 2 stoichiametas the
probable binding mode of complex REDTC with®Hipns (Fig. 3B) and it confirmed
by TD DFT calculations later in this article on posed mechanism.

The UV-vis spectra of REDT(G0uM) in DMF-H,0 (viv, 1/1, pH 7.40) buffer

solution was measured with the addition of difféneretal ions (Fig. S8). In Fig. S8,
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comparing to the fluorescence spectra, it showedasi results, and the free REDTC
also exhibited no absorption near 563 nm. However, inaed that there is an
obvious absorption band appeared at 563 nm in tesepce of Hg, which was
ascribed to the ring-opened rhodamine moieties. $¥gexhibited the spectral change
of REDTC upon the increasing Hgons by the UV-vis titration measurements. It can
be seen that the absorption strength of REDTE:Hgns system is gradually
increased at the position of 563 nm with the insiregt Hf “ions concentration from
2.00x10° to 4.33x10 mol/ L. However, with the continuous addition ofg¥
ions, the emergence of platform (inset in Fig. 88 gested saturation in the reaction
between REDTC and Hgions.
3.4 The competition experiments, the effect of pH and reaction time

To evaluate the selectivity of REDTC for figthe competition experiments
under the same conditions were examined in theepoes of other metal cations
including AP, PB*, Mg*, Mn**, Hg™", F€"*, Zr**, Mo™, Cd*, CU#*, Na', Ni**, Cd™,
K* and C&'ions (Fig. S10). It can be seen that the increaflimyescence intensity
resulting from the addition of Hions did not change much in the coexistence of
other metal ions at the same concentration. Thaltseshowed that the presence of
cations does not remarkably interfere with the ctega of Hg*; thus, REDTC could
be used as a highly selective?ffjuorescent probe.

In order to further study the influence of thefeliént acid-base concentration
on the spectra of REDTC and found an appropriatesjpdh in which REDTC could
selectively detect Hg efficiently, the acid titration experiments wererfpemed.
The effect of pH on the emission intensity was exaoh at a range from 3.0 to 10.0
with a concentration of REDTC fixed at 1x1@nol /L and HG" at 5x10° mol/ L,

respectively (Fig. S11). It can be seen that REBMGwved evident fluorescence when
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the value of pH is less than 4 whereas there watistimct fluorescence observed for
REDTC within the limits of the pH range from 4.016.0. The result implied that the
REDTC compound is at the stable spirocyclic staténé pH range of the value of pH.
On the contrary the addition of Hged to the fluorescence enhancement over a
comparatively wide pH range (4.0-8.0), which wasilaited to the opening of the
rhodamine ring. Moreover, the optimal fluorescemesponse toward Hg was
obtained at the value of pH as 7.4. Consequentbhhe REDTC might be used to
detect H§" in approximate physiological conditions and thedml studies were
carried out in a DMF/H20 solution (1:1, v/v, trissH pH 7.4).

Besides high sensitivity and selectivity, quickp@sse time is another necessary
factor for the detection in real-time. In orderstady the response time of REDT&
Hg®*, the changes of the fluorescence intensity atrivi7on the binding process of
Hg®" ion to REDTC was recorded (shown in Fig. S12)cdn be seen that the
fluorescence intensity of REDTC reached a stableeven less than 3 min and keeps
almost unchanged within 12h. So the appropriatporese time is 3 min, which can
be applied to do the corresponding spectroscopasarements.

3.5 Proposed mechanism of REDTC response to Hg**

Combining the above results, a plausible bindinglenof REDTC+HG§ complex
is depicted in Scheme 1. This binding mode is «test with the fluorescence
changes observed as the induced conformationakttes of the triazole groups
upon 1:2 complexes, which was supported by the MSIspectra and TD DFT
calculations. The peak at m/z 1103.2 in the masstgm was assignable to the mass
of[[REDTC+2Hg-2H ] (Fig. 4A(a)), and it was well tithed with theoretical mass

spectral simulation (calc. 1103.3) (Fig. 4A(b)).
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+2Hp!

REDTC

Scheme 1 Proposed recognition mechanism of REDTC toward< Hg

To further certify whether the above results arerezti or not, the molecular
orbitals of REDTC-H§" complex was calculated by computational chemistiye
rational structure of REDTC-H{ complex was obtained by using the Gaussian 09
program package, and the related results werel list&able 1 and Fig. 4B. From Fig.
4B, it can be seen that REDTC have two pairs ofisdo bind two H§' ions, one of
them is the bond by one oxygen atoms and one eir@gom from hydrazide group,
another one is the bond by another nitrogen atam firiazoles group and another
oxygen atoms from carbonyl group. The computer mdé diagram exhibited that
REDTC can provide appropriate place to locate tvgd*libns with two penta cyclic
groups generated. The corresponding parameterahile T showed that the values of
energy difference ofAE(a.u.) and AE(ev) for REDTC-H§'complex as 1:2
stoichiometry were smaller than that of as 1:1cétioimetry, which indicated that the
structure of 1:2 stoichiometry for REDTC binding ittw* ions is more stable than

that of 1:1 stoichiometries.
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Fig. 4 (A) a: ESI-MS of REDTC in the presence of ¥and trace amounts of Cl
Inset: enlarged patterns for the [REDTC+2Hg-2H ].
b: The calculated ESI-MS of REDTC in thegemece of H§and Cl.
Inset: calculated isotopic patterns for the [REE+2Hg-2H].
(B) The optimized structure of REDTC-Hg
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Table 1 Comparison on energy changes of REDTC bindirndgd using the
B3LYP functional in Gaussian 09 .

2+
Eeprchg (.U

Eu(au) Ex'(a.u.) ) E(a.u.) E(eV)
EDTCHg -2272.68 -41.794 -2314.92 -0.44 -12.12
EDTC-2Hg -2272.68  -83.59 -2356.79 -0.52 -14.22

In principle, in order to design an ideal fluoresoe sensor systems (the host)
for the detection of various analytes (the guestls important to develop specific
chemical reactions or host-guest interactions thiéitg about a variation in the
spectral properties of the reaction system. If ¢haracteristic reaction between the
host and the guest is based on a reversible antbmalent chemical reaction, and the
interaction can be affected under possible conastidhe indicator has named a
chemosensor. On the contrattye binding mode between the guest and the h@st is
irreversible chemical reaction; the indicator istedc as a chemodosimeter. For
chemodosimeters, it is crucial that there are twmore functional groups. One group
is the reaction site where the host interacts ¢oditection object. Moreover, another
one is used to offer a luminescent signal thatsed on the interaction to the analytes.
Both the interaction between the chemodosimeter aralyte and the change in a
detectable signal are irreversible [41-42]. Her&BD,TC unit as the reaction site and
rhodamine B unit providing spectroscopic signalnfothe chemodosimeter for
detecting H§". So the binding of REPPC to Hgons could cause the formation of
the ring-opened state of REPPC from the spirolactate. Therefore, REDTC would
act as a “naked-eye” chemodosimeter probed towafd, ldame as to some studies on
rhodamine-based fluorescence sensors for charstatedetection of metal ions
[41-43].
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3.6 Determination of Hg?"in Hela cell.

In order to examine the practical properties of REDNn biological samples,
the probe was applied for detecting’im HelLa cell by fluorescence microscopy. As
depicted in Fig. 5, a bright field transmission gaaof cells with H§" and REDTC
confirmed that the cells were viable throughout itn@ging experiments, implying
the probe REDTC can penetrate the cell membranénaagke Hg'ions in HelLa cells,

with the switching-on fluorescent signal.

Fig. 5 Fluorescence imaging of Fgn HeLa cell with REMPC.
(a, ¢, and e) Brightfield transmission images;
(b) images of cells incubated with the FBS culswmition as the sample
blank;
(d) images of cells incubated with REMPC(M);
(f) images of cells incubated with REMPC((\) and Hg " (20uM).
3.7 Compareto other triazoles on detection of Hg> ions
Based on the above results, there are several asimiéspects

compared to references on thizole-based fluorescence probes for detecting Hg**

ions[19, 44-45]. Most of these probeshowed excellent selectivity detecting Hg**

25



with colour variation from colourless transparent to pink. Moreover, they could
enhance the fluorescence signal in methanol or weakly neutral aqueous solution.
The stoichiometry of the complex formed between triazoles and Hg** is 1:1 or 1: 2
ratio in most cases. But there are some differences as well as the following examples.
Some triazole-based probes caused diverse change in colour of the solution from
colourless transparent to blue-green[46-48], yellow[49-50], or purple[51]. But other
probes showed the fluorescence quenching or enhancement without any change in
colour[52-53]. Also, there are some differences in the sensitivity and detection limit.
The present work indicated that the probe REDTC showed a high selectivity Higf*
ions but a narrower linear range and a lower sensitivity. However,
the advantage of the probe REDTC is that jfossessed a high selectivity for sensing
Hg”" ions in neutral aqueous solution (pH 7.4) with the triazole appended colorless
chemosensor turned to pink and enabled naked-eye detection, which further guides
us to explore simple and high-selectivity Hg®* probes in aqueous solutions under
physiological conditions.
3.8 Theinteractions of EDTC binding three blood proteins

The present results illustrated that EDTC couldtlsgsize with rhodamine B to

form a novel compound which can be used to delbecthromogenic reaction of Hg

ion. On the other hand, taking account of the nedbat the 1,2,3-triazoles may be

further exploited and developed as new drugs, nesessary to study the interactions

with some biological macromolecules. Since the fioms of the drugs in the body are

the results of their interactions with crucial n@aolecules in the organism. Protein

is also aressential research object in life science and drtheomost vital transport

carriers of drugs. Thus, the investigates on smallecular drugs binding targeted

26



proteins have become more and more important sisbjethe field of chemistry, life
science and clinical medicine, etc[54].

The selectivity of EDTC (1.67 puM) in tris bufferHp= 7.4) was evaluated with
various amino acids (including Tyr, Lys, Glu, VAkg, Met, Cys, Leu, Asn, Pro, Thr,
Ala, and Gly, at 1.67 uM) and with three model ldquoteins (including HSA, Hig
and BHDb) (as shown in Fig. S13). From Fig. S13ah be seen that the distinct
decreases were observed after the addition of BHide a significant enhancement
in fluorescence intensity at 349 nm and 330 nm aveated upon the addition of HSA
or Hlg under identical conditions. However, theraswnot an obvious variation of
fluorescence intensity after the addition of othsrino acids. The results make clear
that EDTC exhibited excellent selectivity for HSAgABHD in tris buffer (pH = 7.4).

Herein, the binding interactions of EDTC with HSHAIg, and BHb were
evaluated by comparing the intrinsic fluorescemtenisity of protein before and after
the addition of EDTC (Fig. 6A-6C)[55]. These figarshowed that the fluorescence
intensity of EDTC-protein systems regularly enhaheagth increasing concentration
of EDTC when excitation wavelength was set at 2i#8 NMoreover, the various red
shifts of the position of maximum emission wavekbngere obtained for all the three
proteins, which was 348nm to 356nm for HSA, 331om3%6nm for Hig and 325nm

to 355nm for BHb respectively. Fig. 6D is the fluorescence emisspectra of

EDTC under the same experimental condition as tR2€C-protein systems. It also
showed that the fluorescence intensity of EDTC ankd regularly with increasing
concentration of EDTC. It is worth noting that timset in Fig. 6D can reveal some
significant information on the interactions of EDT&nhd these proteins. Take
EDTC-HSA system for example, when the excitatiowelangth is set at 278 nm, the

value of fluorescence intensity of HSA is 101.7@4tf nm, the corresponding values
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of EDTC is at 365 nm ( 175.00), and EDTC-HSA i885nm (156.15), respectively.
It is obvious that there is an interaction betw&®&TC and HSA, which is similar to
EDTC-HIg or EDTC-BHb systems. Therefore, the resgliggested that there were
strong interactions between the three kinds of gmmst and EDTC which were

responsible for enhancing the fluorescence of theems.
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Fig. 6 Fluorescence emission spectra of EDTC-HSA, EDTGS{I EDTC-BHb
systems and EDTC in Tris buffer (pH 7.4) at 300u&x=278 nm.
(A) EDTC-HSA system, a: HSA (®M), b-i: 1.67 , 3.33,5 .0, 6.67 ,8.33,
10.00, 11.67 and 13.33/4, respectively.
(B) EDTC-HIgG system, a: HIgG (6xTfnol /L), b-i: 0.33, 0.67, 1.00, 1.33 ,
1.67, 2.00, 2.33 and 2.6i/M, respectively.
(C) EDTC-BHb system, a: BHb (M), b-i: 0.33, 0.67, 1.00, 1.33,1.67, 2.00,
2.33 and 2.67tM, respectively.
(D) EDTC: 1.67, 3.33, 5.00, 6.67, 8.33, 10.00, I113.33M, respectively.
The illustrations: Plot of 1R-Fp) against 1A[] for HSA-EDTC
system(A), HIgG-EDTC system (B) and BHb-EDTC systé@®) at three
temperatures (300K, 310K, 320K).

3.9 Binding constants, binding mode, and binding distance
The temperature dependence of the binding constaas measured
spectrofluorometrically from the emission spectr&l8A/HIg/BHb in the presence of

EDTC in the temperature range of 300K to 320K, #edbinding constant value was

determined from the fluorescence intensity congidethe following equation [56]:
1/AF =1/AF,, + A/KQI(1/AF,,,) 1)

WhereAF = F, - iy and AFnax = o — R, in which k, F, and E are the
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fluorescence intensities of protein in the absewéeEDTC, an intermediate
concentration of EDTC, and at the saturation oérattion, respectively; K is the
binding constant and [Q], the concentration of EDT@e linearity of the plot of 1/(F

- Fo ) against 1/[Q] can determine a binding stoichibioenumber by one to one
between the two partners (the illustrations in g, 6B and 6C). The binding
constants of different EDTC-proteins systems adhliemperatures (300, 310 and 320
K) were shown in Table 2 and used to calculatetbi®@modynamics parameters.
From Table 2, it can be seen that the binding emtstK increased with the
increasing temperature for EDTC-HSA, EDTC-HIg, amdDTC-BHb systems
respectively. The results indicated that the bigddetween EDTC and proteins was
very strong, and the temperature influenced on it.

According to the classical literature[57], there @rimarily four main types of
non-covalent interactions existing in the binding emall molecules to
biomacromolecules, such as hydrogen bonding, vardseals forces, hydrophobic
and electrostatic interactions. Based on the rekevan’'t Hoff equations, several
thermodynamic parameters including(enthalpy changt,entropy changeAS; and
Gibbs free energy changk() were calculated by the linear relationship bemeK
and the reciprocal absolute temperature estimatedtermine the binding modes and
the results were shown in Table 1(plots shown o Bi 14). The data from Table 2
indicated that all values afG were negative, which means that the formations of
EDTC-HSA , EDTC-HIg and EDTC-BHb complexes weresgbntaneous. And the
values ofAH andAS were positive, which indicated that the bindimggesses were
endothermic and higher temperature would be adgaots to the formation of
EDTC-HSA, EDTC-HIg, and EDTC-BHb complexes. It eported that the sign and

magnitude of the thermodynamic parameters involagous individual kinds of
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interaction taking place in protein associationcesses [57]. In the present work, the
positive values ofAS and AH can be greatly owed to the typical hydrophobic
interaction, which played the principal role durittte binding reactions between
EDTC and HSA/HIg/BHb. Moreover, the correspondiradue of AG attributed more
to AS thanAH, meaning the interaction processes were mairttppy-driven.

Table 2 Binding Parameters and Thermodynamic Paramedethd Binding of
EDTC to HSA, Hlig or BHb

System Temperature K r (nm) AG AS AH
(K) (x10'M™Y (kJ/mol) (J/Imol/K)  (kJ/mol)
300 5.808 -27.297
EDTC-HSA 310 7.599 5.90 -29.041 174.439 25.032
320 10.779 -30.785
300 9.935 -28.774
EDTC-HIgG 310 20.440 5.51 -31.295  248.493 45.774
320 30.659 -33.744
300 11.413 -28.994
EDTC-BHb 310 16.324 3.48 -31.040  204.681 32411
320 25.716 -33.087

Also the average distances between the EDTC (amgepind the protein
residues (donor) can be obtained from the Forsteory of dipole-dipole energy
transfer theory (FRET)[58]. Since the efficiencyeoergy transfer (E) is related to the
critical distance Rand the average binding distance (r) between ticepdor and
donor. The basic condition to determine the bindlisgance is that there is an overlap
of the absorption spectrum of EDTC and the fluogase emission spectrum of
proteins. In Fig. S15, the overlaps of the absorptspectrum of EDTC and the
emission spectrum of HSA/HIg/BHb were illustratedd the related equations were
applied to calculate the values of r ang]38]. Thereinto several rational parameters

could be selected asc =2/3,d4 = 0.118 1 =1.36 according to the literature[59], and
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the results were listed in Table 1. It can be dbahthe binding distances r between
EDTC and the amino acid residue in HSA, Hlg or BMgre found to be 5.90 nm,
5.51 nm, and 3.48 nm, respectively. It was appataitthe EDTC-proteins distances
are less than 7 nm, which implies that the energgster from HSA/HIg/BHb to
EDTC occurred with a high possibility.
3.10 Binding-induced conformational changes of proteins

Recently lots of research indicated that protesmformational changes were
bound up with specific properties including assembunction, transportation,
potential cytotoxicity, and tendency to aggregalefd]. The possible influence of
binding of EDTC to HSA, Hlg, or BHg on the secondatructure of the three blood
proteins was investigated by UV-visible, synchramotiuorescence, and 3D
fluorescence spectroscopy.

The information from near-UV absorption spectra awsbmatic amino acid
residues in proteins usually involved in protein nfoomations. The
maximum absorbing peak at about 210 nm can représeframework conformation
of the protein, and that of at about 280 nm carlecefthe information on
tryptophans(Trp), tyrosine(Tyr) and phenylalanirefP residues[62]. The spectral
peaks in the range between 250-265 nm correspoRtiéaresidues, and those in the
region 265-280 nm attribute to the electronic iatgions of Trp and Tyr residues,
whereas the spectral peaks above 285 nm are coegidgclusively as Trp residues
contributions[63]. Fig. 7 is the UV-vis absorptiepectra of EDTC(Fig. 7A), and
HSA/HIg/BHb with different concentrations of EDTG@F 7B-7D) as can be seen in
Fig. 7A, the chromophore of EDTC gives a charastierdual absorbance spectrum at
209 nm and 280 nm, which is different from the hestiFig. 2(A) and indicated an

obvious solvent effect. In Fig. 7B-7D, the simitgris that free HSA /HIg/BHb has
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strong absorbance with a peak at round 211 nm fandlisorbance of three proteins
increased with the addition of EDTC. However, thesesome difference between
their shoulder peaks. It showed that the positadmeaximum absorbance wavelength
are slightly shifted from 272 nm to 277 nm for EDHSA system, 274 nm to 281

nm for EDTC-HIg system and 270 nm to 276 nm for EDBHb system, respectively.
Above all, there is another peak occurred at 402mmEDTC-BHb system, which

displayed the special spectral characteristic obBkk a result, EDTC can bind three
proteins due to Trp and Tyr electronic interactiansl generated the conformational

changes in HSA/HIg/BHb.
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Fig. 7 UV-vis absorption spectra of EDTC, EDTC-HSA, EDHIgG, EDTC-BHb

systems and EDTC in Tris buffer (pH 7.4) at 300 K.

(A) EDTC: 1.67, 3.33, 5.00, 6.67, 8.33, 10.00, 71 13.33M, respectively.

(B) EDTC-HSA system, a: HSA (@M), b-i: 1.67, 3.33, 5.0, 6.67,8.33, 10.00,

11.67 and 13.38M, respectively.
(C) EDTC-HIgG system, a: HIgG (6xIfol /L), b-i: 0.33, 0.67, 1.00, 1.33,
1.67, 2.00, 2.33 and 2.6iM, respectively.

(D) EDTC-BHb system, a: BHb ), b-i: 0.33, 0.67, 1.00, 1.33,1.67,

2.00, 2.33 and 2.6/, respectively.

The synchronous fluorescence spectra is anothemeoomapproach providing
information on the molecular environment of protemm the vicinity of the
chromophore molecules by measuring the possibfé ishithe position of maximum
emission wavelength. The properties of Try residaesTrp residues can be
charactered by the synchronous fluorescence oéiprethen the value afh is set at
15 nm or 60 nm, respectively[64]. It is reportedtthirp resides probably situated at
the nonpolar location and embedded in a hydrophaligity in protein if the
maximum emission wavelengtiin(sy) is in the range of 330 to 332nm; while Trp

residues are exposed to water whggy is set between 350 to 352 nm, which means
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that Amax In 350-352 nm shows that Trp residues are expdsedvater, the
hydrophobic pocket in proteins is unconsolidatedd #he structure of protein is
looser [65]. The figures in Fig. S16 is the syncimas fluorescence spectra of three
EDTC-proteins systems at the wavelength intervAh (= 60 nm) and the
corresponding illustrations AL =15 nm). With continuous addition of EDTC
concentrations, it is found that the fluorescenuenisity of three EDTC-proteins
systems enhanced and the position of maximum ewnissavelength was shifted
from 340 nm to 345 nm for EDTC-HSA system, 333 841 nm for EDTC-HIg
system and 334 nm to 345 nm for EDTC-BHb systespeetively. These suggested
that the microenvironments around three proteineevebanged in the presence of
EDTC and EDTC can lead to the exposure of Trp tesicbf three proteins embedded
in nonpolar hydrophobic cavities were moved to arenleydrophilic surroundings.
The insets in FigS16 showed that there have no significant shifthe position of
fluorescence emission peak wavelength but slightedeses of emission intensity at
about 301 nm in some way. It is worth noting thedré is a concomitant increase in
the fluorescence emission at 309 nm in the illtistnaof Fig. S16 (A), which is the
characteristic wavelength of the bound-HSA. Thismdmenon might be the result of
the radiationless energy transfer between EDTCH®A, which has been confirmed
by Forster resonance energy transfer theory. Tbhbservations explained that the
microenvironment around Tyr residues of HSA/HIg/BhHa little change. Moreover,
the various extent on the red shift fax for Trp residues larger than that of Tyr
residues suggested that the binding location of EDF near to the Trp moiety of
proteins. All in all, these results illustrated thHADTC is mainly bound to the
hydrophobic cavity of HSA/HIg/BHb, which is by thellowing results of molecular

modeling.

37



Moreover, the information from three-dimensionBl3 fluorescence
spectroscopy can reveal some structural and coatwnal properties of proteins
when the excitation and emission wavelengths wereillaneously changed. The
position of the maximum emission wavelength andftherescence intensity of the
amino acid residues have a close connection witle tolarity of their
microenvironment [66-67]. The figures in Fig. S1lfowed the 3D fluorescence
spectra and contour spectrum for EDTC-protein systa the presence and absence
of EDTC and the related characteristic parameterdisted in Table S2. In these six
spectra, each peak named “peak a” is the firstrdRdgleigh scattering peakg = Aem)
and those “peak b” is the second order scattereak(@..x = Aem), respectively [68].
Each peak “1” around 280 nm chiefly exhibits thedpal characteristic of Trp and
Tyr residues and that of peak “2” around 230 nntldses the information on the
fluorescence spectral behavior of polypeptide bankbstructures, which can be due
to the transition ofi-n* of protein's special polypeptide backbone streei@=0 [69].
Therefore, these figures indicated that not ongrehare similar increasing trends on
the fluorescence intensity of the main characterpstaks for proteins in the presence
of EDTC but also the position of these peaks stiftedifferent wavelength in some
degree, which further demonstrated that EDTC ictedhwith three blood proteins.
Moreover, the enhancement of the fluorescence @nidgatensity of these peaks
named “peak 2" showed that EDTC had impacts onniaeromolecular peptide
backbone structures of three proteins. The peaksdcgpeak 1” also reflected the
changes in the microenvironment of Trp and Tyrdess, and moreover, EDTC
brought about conformational variation in the setaog structure of HSA/HIg/BHb.
Simultaneously, a red shift could be found in thexmmum emission wavelength for

each peak 1, and the related values of the Stdk#saere list in Table 3. All in all,
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the above results suggested that the binding of E®TIthree proteins caused a slight
unfolding of the polypeptide chain of three progein
3.11 Molecular docking analysis

Molecular docking technique can be used to visuaigplay plausible
protein-ligand interactions and further provided&rce supporting the experimental
result. Herein, the AutoDock program is carried wmuascertain the binding mode of
EDTC on HSA, Hlg, or BHb. The 3D docked models &TE to three proteins are
shown in Fig. 8, in which the zonal and stick biglpattern between EDTC and the
proteins and only residues around 8 A of EDTC aspldyed.

An earlier report on the structural property of HSAowed this heart-shaped
protein is a single-chain, non-glycosylated polymkpthat includes 585 amino acids
with an approximate molecular weight of 6,500 D&efe are three homologous
domains I-1ll with the dimension of 80 x 80 x 30 dach of which possesses two
sub-domains A and B that are composed of 4 andliéeeunder physiological
conditions [70]. According to the rational Sudlovelkassification, small molecular
drugs are usually located in two main binding sitedled subdomain IIA and
IIA( sites | and site Il respectively) [71]. Theve sites are primarily helical and
universally cross-linked based on some disulfidedas with a tryptophan residue
(Trp214) in site | [72]. Another well-known literae revealed that subdomain IB
(site IB) maybe the third major drug-binding locatiof HSA[73]. Fig. 8A is the
best-scoring binding modes associated with affiny013 kcal /mol between the
HSA and EDTC with the labeled chief residues. Thdetular simulation with maps
of EDTC binding to HSA manifested that EDTC wasrsunded by Leu-491,
Phe-488, Ser-489, Leu-453, Tyr-411, Arg-485, Vab4RIa-449, Arg-410, Leu-430,

Leu-387, lle-388, Phe-403 and Asn-391, illustratthg existence of hydrophobic

39



interaction between EDTC and HSA. Simultaneousherd¢ is a hydrogen bond
observed between nitrogen and the hydrogen of lkytiod Tyr-411, which indicated
that the existence of hydrogen bond reduced theopydlicity and enhanced the
hydrophobicity to stabilize the EDTC-HSA system][a4 view of spectral quality of
proteins, Tyr, Trp, and Phe residues are commamtiynsic chromophores and are
answerable for fluorescence [63hen obviously, the moiety of EDTC is in very close
proximity to Tyr 411, Phe 403 and Phe 489 resicii¢d$SA, which further provides a
structural information on the fluorescence endrggsfer of these residues to EDTC
and the efficient fluorescence enhancement of H8&Assion in the presence of
EDTC.

Another used model protein, human immunoglobulif{l§s), is part of the
family of five classes of antibodies, which medsata characteristic biological
response following antigen interaction. The repbrteystal structure has exhibited
that IgG contains two the same heavy chains inofpdbout 450 amino acid residues
and two identical light chains including about 2280 amino acid residues, which
seems like a “T” or “Y” shaped molecule with threempact spheres connected
through a hinge region. A complex of the N-termiregdions including the two L and
H chains can form both of antigen-binding sitestttg IgG molecules, which are
combined by links to the C-terminal carbohydraié (fec fragment) generated from
the H chains alone and show higher specificity affidity to many drugs[75-76]. Fig.
8B is the best-scoring binding modes associatedth affinity -3.648 kcal /mol
between the HIig and EDTC with the labeled pivogslidues. It showed that there is
one hydrogen bond between the H atoms of EDTC With67 of HIg. Moreover, the
two aromatic rings of EDTC and one triazole ririggtrate hydrophobic interactions

to hydrophobic parts of Pro-95, Trp-23 and Val-@&%§pectively. Similarly, EDTC is
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in very close proximity to Trp residue of HIg, whi@also as sound evidence to state
the efficient fluorescence enhancement of Hlg enpgresence of EDTC.

Bovine hemoglobin (BHb), as the main blood protesna foremost important
representative of hemoprotein and here performedutdy the binding to EDTC. The
crystalline structure of hemoglobin consists ofrfbleme prosthetic groups and four
polypeptide chains, where the iron atoms are ptdsetie ferrous (F€) state. The
globin or protein fraction contained twechains and twd-chains, in which the
a-chains contain seven and tfechains contain eight helical regions, respectively
Each chain is answerable for locating one hemepgmowa pocket, in which oxygen
and other ligands can bind reversibly [77-78]. B@.displayed the best-ranked result,
which has the lowest free energy for EDTC-BHb gystassociated with affinity
-5.099 kcal /mol between the BHb and EDTC with ldigeled prime residues. It can
be seen that the binding site was mainly composgd $2 amino acid residues
including Leu-29, Val-62, Lys-61, Phe-46, Ala-65is#$8, Leu-83, Phe-43, His-45,
His-87, Leu-91, and Leu-86, respectively. Theseailtesndicated that hydrophobic
interaction occurred between EDTC and BHb. Moredabhere was three hydrogen
bonding interaction between EDTC, and the proteickbone, one of them is between
the nitrogen of EDTC and the hydrogen of His-5&thar one is between the oxygen
of EDTC and the hydrogen of His-58, and the thgdeétween the oxygen of EDTC
and hydrogen of amino of Lys-61. So these hydrdgwmds combining hydrophobic
interactions play a vital role in stabilizing EDTEHb system. Simultaneously, it is
noted that Phe 43 and Phe 46 residues of BHb ayenear to the constitutional unit
of EDTC, which may cause the fluorescence emissigrancement of the protein.

The above results on molecular simulations confitrtteat the ligand binding

regions of HSA/HIg/BHb were mainly located in hyghmbic cavities, in which are
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sufficient to contain the structure of EDTC in thieding pockets of the three proteins.
These studies of computational molecular modeliregima good agreement with the

spectral experimental results.

.
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Fig. 8 The binding mode between EDTC and HSA(A), HigGéBay BHb(C). Only
residues around 8 A of EDTC were displayed. Thielues of HSA/HIgG/
BHb and the EDTC structure were represented usatigabd stick model.
The hydrogen bond between EDTC and HSA/HIgG/BHigsesented
using dashed line.

3.12 Compareto other triazoles on binding with various proteins

The aim of present work is to study the specifioding of a new 1,2,3-triazole
to three blood proteins and reveal the bindingatifeness of EDTC as drugs.

Also, the above achievements indicated that thezate EDTC could
strongly bind to three typical blood proteins, whic implied that
EDTC has good stability for controlled drug deliyeand a satisfactory prospect in
the release drug delivery system. Compare to EDder triazoles have also been
widely studied for their broad range of bindingiaty to different proteins. Tummala
et al. found certain 3,4,5-trisubstituted 4H-1,#jdzoles as moderately potent
inhibitors of the interaction between annexin A2ldhe S100A10 protein[79]. It is

reported that there was the competitive interastitb@etween a novel berberine
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triazole and metal ions to HSA[80]. Gao et al. disred that triazole density of a
resin played the crucial role in determining theteex of non-specific protein

adsorption[81]. Lv et al. synthesized and explasdantimicrobial agents a series of
some new 1,2, 3-triazole-derived naphthalimides. €kperimental results indicated
the blood protein HSA could effectively store arailrg compound 9e by electrostatic
interaction[82]. A recent research studied by Cheal. has showed fragment-based
drug discovery of triazole inhibitors to block P®RAS protein-protein

interaction[83].
4. Conclusions

In summary, a new chemosensor (REDTC) with 1, -BjaZole as subunit
(EDTC) has been designed and synthesized. The mlotweed high selectivity to
Hg?" ions by using the fluorescence and UV-vis absaréapectroscopy along with a
pink chromogenic reaction. The triazole appendextiamine chemosensor REDTC
displayed selective complexation with Higven in the presence of other competitive
metal ions. The 1:2 stoichiometry of the complexnfed between chemosensor
REDTC and H{" showed the potential for the quantitative deteation of Hg " ions.
Fluorescence imaging of Hg' in HelLa cells was successfully operated,
demonstrating that REDTC is of favorable membrasevgable property for the
biological imaging applications. Also, the bindimgechanisms of EDTC to three
blood proteins (HSA, Hig, and BHb) were determitiesbugh UV-vis, fluorescence
spectroscopy, and molecular docking under simulgtégsiological conditions.
Exceptional fluorescence enhancements of threedblmmteins occurred during
EDTC binding by non-covalent interactions, whichuked in a differernt variation of
the secondary structure of these proteins and mewsured by several spectroscopy

methods in the presence of EDTC. The thermodyngrarameters confirmed that
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hydrophobic interactions played crucial roles iabdizing these complex, which is
correspond with the results from molecular dockifgese results demonstrate that
the binding of EDTC to HSA/HIg/BHb caused some confational changes of the
biomacromolecules, signifying that EDTC may havetable effect on the biological
activity of blood proteins when used in the biotadisystem. This research was an
improvement for the application of 1,2,3-triazolenpound and guides for using
simple and high-selectivity Hg probes in aqueous solutions and utilization in
biological activity.
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