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1. Abstract



1.1 Abstract

Project Code : MRG5680030

Project Title : Development of New Endotoxin Sensors Based on Novel Anti-sepsis Scaffold

Investigator and Institute : Dr. Kriangsak Khownium King Mongkut's Institute of Technology Ladkrabang

E-mail Address : kkhownium@gmail.com

Project Period : June 3, 2013 to Aug 31, 2020

Abstract:

The development of a more robust and more specific fluorescent probe is highly desirable for time-critical diagnosis
and treatment of sepsis patients. We envision that bis-cationic nature of the terephthalaldehyde-bis-
guanylhydrazone scaffold would be a good template to develop a series of small molecule sensors with effective
selectivity for lipopolysaccharide (LPS, endotoxin) detection through electrostatic interactions with bis-phosphate
portion of lipid A. Bispyrenyl terephtalaldehyde-bis-guanylhydrazone (BPTG) fluorescent chemosensor with two
fluorogenic pyrene units has been designed and synthesized for lipopolysaccharide (LPS) detection through
excimer emission “turn-on”. It shows a dose-dependent increase of fluorescent intensity in aqueous media and
exhibits a typical excimer emission peaked at 485 nm along with monomer emission peaked at 375 nm with a low
detection limit (5 nM). The enhancement of both excimer and monomer emissions was accounted for the unique
molecular architecture of sandwich conformation at ground sate prior the binding to LPS. The conformational
search at ground state using ConfGen method with OPLS_2005 force field in Schrédinger software provided three
distinct clusters of BPTG namely: sandwich-, semi- and open-bisguanylhydrazone pyrene. The sandwich form was
appeared to be the lowest energy form in the DFT calculations using M06-2X functional in Gaussian 09 program.
2D NOESY spectrum provided evidence in a good agreement with both fluorescent and computational works.
Importantly, BPTG is highly selective for LPS over heparin and other anionic biological species. Due to the
expression of LPS on cell surface of Gram negative bacteria, BPTG was successfully applied as a fluorescent dye

to visualize live Vibrio cholerae, life-threatening bacteria causing diarrhoeal disease.
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2. Executive Summary

Despite tremendous advances in antimicrobial chemotherapy, the incidence and mortality rates due to
the sepsis continue to escalate worldwide. The burden of disease is very stressful among patients with diabetics
and organ transplant including elderly people. Sepsis risk factors of bacterial infections are more concerned with
patients receiving chronic kidney dialysis. Lipopolysaccharide (LPS) acts as an endotoxin, and induces a strong
response from the normal animal immune system. It contains common amphipathic constituent of the LPS of all
Gram-negative bacteria and is composed of a hydrophilic, negatively charged bis-phosphorylated diglucosamine
backbone, and a hydrophobic domain. A clinical treatment of septicemia needs a fast and effective endotoxin
detection prior making medical decision to treat patient. We envision that bis-cationic nature of the
terephthalaldehyde-bis-guanylhydrazone has potential use in endotoxin detection. Thus, we have developed novel
bispyrene compound (BPTG) as a selective lipopolysaccharide (LPS) sensor. Probe BPTG exhibits high slectivity
and sensitivity toward LPS as fluorescence ‘off-on’ behavior in HEPES-buffered DMSO-H,O (1:6(v/v), HEPES =
10 mM, pH = 7.4) with a low detectionlimit of 5 nM. The turn-on flurescence sensing of the LPS occurs through
monomer and excimer emissions. The mechanism of probe was supported by computational experiment and
found to be unique for its sandwich conformation, self-quenching form at ground state prior the binding to LPS
with a butterfly-like skeleton. Upon binding with LPS in aqueous media, the probe shows a dose-dependent
increase of fluorescent emissions and exhibits a typical excimer emission peaked at 485 nm along with monomer
emission peaked at 375 nm. BPTG is highly selective for LPS over heparin and other anionic biological species.
Due to the expression of LPS on cell surface of Gram negative bacteria, BPTG was successfully applied as a

fluorescent dye to visualize live Vibrio cholerae, life-threatening bacteria causing diarrhoeal disease.



3. Background and Objective

3.1 Introduction

In Thailand, sepsis mortality rate has been continuously increasing from 11.1 in 100,000 population in
1995 to 44.7 in 100,000 population in 2011. Lipopolysaccharide (LPS) acts as an endotoxin, and induces a strong
response from the normal animal immune system. Despite tremendous advances in antimicrobial chemotherapy,
the incidence and mortality rates due to the sepsis continue to escalate.There are about 18 million people was
affected by sepsis worldwide every year in which a mortality rate of nearly 30%. Even more sepsis kills 6,000,000
newborn and young children in developing countries each year. The burden of sepsis remains the challenge on
health care system.

Sepsis is a severe illness caused by overwhelming infection of the bloodstream by outer membrane of
Gram-negative bacteria which is composed of lipopolysaccharide (LPS).LPS acts as an endotoxin, and induces a
strong response from the normal animal immune system. It is the uncontrolled and precipitous systemic
inflammatory response that ultimately results in the fatal shock syndrome characterized by endothelial damage,
coagulopathy, loss of vascular tone, myocardial dysfunction, tissue hypoperfusion, and multiple organ failure.

Lipid A is a common amphipathic constituent of the LPS of all Gram-negative bacteria and is composed
of a hydrophilic, negatively charged bis-phosphorylated diglucosamine backbone, and a hydrophobic domain.
LPS is a potential drug target as well as a good biomarker since it plays a prominent role in raising the immune
response that causes sepsis. The development of a more robust and more specific fluorescent probe is highly
desirable for time-critical diagnosis and treatment of sepsis patients.

In 2010, an alkylated ammonium-pyrene probe was reported by Lee’s group1 for LPS detection at a low
detection limit (100 nM) by supramolecular assembly. Pyrene is a very useful fluorescent probe for
hydrophobicity.2 Furthermore it can form intermolecular excimers in close proximity through TI—TU interactions of
stacking aromatic rings, in which the two aromatic rings are facing at a distance of ~3-4 A’ The change in the
surrounding environment of these multi-fluorophores could result in promoting or preventing the excimer
formation. Hence, this excimer emission phenomenon has been used extensively in fluorescent chemosensors for

. . 4,56 . 7 . . 8 . . 9 . . . 10
nucleic sensing, pH detection, metal ion detection, explosives detection and fluoride ion sensing.
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Fig. 1 Molecular structure of Iipopolysaccharide.11

We became interested in the excimer sensing approach since it has been reported that the formation of
intramolecular excimers is independent of their concentrations12 which should be an advantage for both medical

application and as a tool for biological studies. This led us to consider the development of a LPS fluorescent



probe based on our earlier work on bis-cationic aminoguanidine for LPS sequestering.13 The complementary
length of distance between the two guanidinyl groups and the distance between the two phosphate groups in
LPS (Fig. 1) provides a suitable electrostatic interaction, while the alkyl chains synergize the binding force with
LPS through hydrophobic interactions. These two recognition elements seem to be very important to discriminate

LPS from other phosphate species.

3.2 Objectives

The need for a better method to detect LPS in bloodstream or body fluids led us to consider the
development of novel fluorescent probes from our earlier reported endotoxin sequestering agent. In fact, the
charge-charge interactions of bis-phosphate groups on lipid A with bis-cationic portions of bis-guanylhydrazone
scaffold was clearly demonstrated a strong binding mode comparable to known topical antibiotic agent (Polymixin
B). Polymyxin B (PMB), a cationic amphiphilic cyclic decapeptide antibiotic isolated from Bacillus polymyxa has
been known to bind lipid A and to neutralize of LPS. Hence, the utilization of bis-phosphate moieties on lipid A as
a docking site for designed fluorescent probes would allow a simple means with good selectivity to monitor LPS
level in clinical samples. Thus, the specific aims of this proposal are to:

1. Preparation of a novel fluorescent sensor that can function as excimer-monomer switch

2. Determination of the binding and selectivity of synthesized sensors against LPS

4. Research Methodology

Although there are many efforts to detect LPS, bis-cationic aminoguanidine molecule has never been
explored before for fluorescent probe development. Among phosphate moieties in biological system, bis-
phosphate of diglucosamine backbone embedded in LPS is the most unique one. We envision that bis-cationic
nature of the terephthalaldehyde-bis-guanylhydrazone scaffold would be a good template to develop a series of
small molecule sensors with effective selectivity for LPS detection through electrostatic interactions with bis-
phosphate portion of lipid A. With the use of terephthalaldehyde-bis-guanylhydrazone scaffold as template, we
proposed to replace both O-alkyl chains with O-alkyl-pyrene groups to produce bis-pyrene fluorescent probe as

shown in Fig 2.
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Fig. 2 Proposed “excimer-monomer switching” fluorescent sensors
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Scheme 1. Synthesis of the LPS sensor BPTG.

4.1 Reagents and Apparatus

Chemical reagents were used as purchased from Tokyo Chemical Industry Co., Ltd. (TCI), unless
otherwise noted. All analytical chemicals were purchased from TCI Company without further purification.
Lipopolysaccharide (LPS) was purchased from Sigma Company, which is obtained from Escherichia Coli 055:B5.
All deuterated solvents were used as purchased from Cambridge Isotope Labs. Flash column chromatography
was carried out using silica gel 60(230-400 mesh), while thin-layer chromatography (TLC) was carried out on
silica gel HLF, precoated glass plates. All yields reported refer to isolated material judged to be homogeneous by

TLC and NMR spectroscopy. The water was purified by Millipore filtration system.

4.2 Analytical Instrument

Nuclear magnetic resonance (NMR) spectra were recorded in methanol-d, or deuterated chloroform
(CDCl;) on a Bruker 400 MHz spectrometer. UV-vis absorption spectra were recorded a Varian Cary 50 UV-Vis
spectrophotometer (Varian, USA) at 25 °C. Fluorescence spectroscopy was performed on an EnVision®
Multilabel Reader (PerkinElmer Inc.). High-resolution electrospray ionization mass spectrometry was performed

on a Bruker maxis using CH;CN as a solvent.

4.3 Synthesis of Compound 2

A solution of bromopyrene (100 mg, 0.44 mmol) in DMF 2mL was added slowly to a stirred mixture of
dimethyl 2,3-dihydroxyterephthalate (297 mg, 0.88 mmol) and K,CO; (150 mg, crushed to a powder) in DMF
(3mL). The resulting mixture was heated and stirred overnight at reflux. All the volatiles were removed in vacuo,
and the residue was partitioned between water and DCM. The organic layer was washed with brine and dried

over MgSO,. The crude product was purified by silica- column chromatography (Hexane:EtOAc = 4:1) to give the
desired product as pale yellow liquid 263 mg (yield 81 %). "H NMR (400 MHz, CDCl,) d1.9 (8H, m), 3.2 (4H, t,
J =73 Hz), 3.8 (6H, s), 4.1 (4H, t, J = 6.2 Hz), 7.5 (2H, s), 7.7-8.1 (18H) ppm; C NMR (100 MHz, CDCl,) 0
28.0, 30.1, 33.0, 52.2, 74.8, 123.2, 124.5, 124.6, 124.7, 124.9, 125.1, 125.6, 126.4, 127.0, 127.3, 128.5, 129.7,



129.7, 130.7, 131.3, 136.4, 153.1, 165.9 ppm; IR (neat, NaCl): 3040, 2924, 2854, 1727, 1602, 1434, 1283, 1260
1037, 843, 757 cm; ESI-HRMS: m/z calc'd for [CsoH,,NaOg]', 761.2874 found 761.2876.

4.4 Synthesis of Compound 3

A solution of N-methylpiperazine in toluene (0.90 g, 9.02 mmol, 1 mL) was added to a solution of sodium
bis(methoxyethoxy) aluminum hydride (70% toluene solution, 1.04 g, 5.12 mmol, 2 mL) at 0 °C for 0.5 h. The
obtained toluene solution was added to a solution of 2 (100 mg, 0.14 mmol) in toluene (0.5 mL) at -20 °C over
50 min, and the mixture was stirred at room temperature for 30 min. The reaction was quenched by adding
water (20 mL) and toluene (5 mL). The insoluble materials were filtered off and the filtrate was washed with 1 N
HCI solution, water, and brine. The organic layer was dried over anhydrous Na,SO,, and then concentrated in
vacuo. Flash chromatography (CH,CI,) of the residue gave 3 as a yellow liquid (61.6 mg Yield: 67%). 'H NMR
(400 MHz, CDCl,) 0 11.9 (8H, m), 3.3 4H, t, J=7.2 Hz),4.1 (2H, t, J = 6.2 Hz), 7.6 (2H, s), 7.7-8.2 (18H), 10.4
(2H, s) ppm; C NMR (100 MHz, CDCly) O 28.0, 28.9, 33.0, 75.7, 122.7, 123.1, 124.7, 124.8, 124.9, 125.1,
125.8, 126.7, 127.1, 127.3, 127.4, 129.9, 130.8, 131.4, 134.4, 135.9, 156.0, 189.3 ppm; IR (neat, NaCl): 3526,
3039, 2937, 2864, 1686, 1602, 1439, 1376, 1243, 1161, 1036, 842, 758 cm'1; ESI-HRMS: m/z calc'd for
[C48H3804+2H20]+, 714.2976 found 714.0608 and [C48H3804+H20]+, 696.2870 found 696.3110.

4.5 Synthesis of BPTG

To a hot solution at 70 °C of aminoguanidine hydrochloride (33.17 mg, 0.3 mmol) in EtOH (1 mL) was
added a solution of 3 (100 mg, 0.15 mmol, in 0.5 mL EtOH) and conc. HCI (0.1 mL). The reaction mixture was
heated up to 80 °C for 1 h. The reaction mixture was cooled to 0 °C. The resultant precipitate was filtered and
washed with cold ether (2 mL) to give BPTG as a white solid 127 mg (quantitative yield). "H NMR (400 MHz,
CD,0D) O 1.7 (8H, m), 3.0 (4H, t, J = 6.7 Hz), 3.9 (4H, t, J = 6.1 Hz), 7.4 (2H, s), 7.5-8.0 (18H), 8.22 (s, 2H)
ppm; C NMR (100 MHz, CD,0D) O 28.1, 30.1, 33.1, 74.9, 123.3, 124.6, 124.7, 125.8, 125.7, 126.5, 127.1,
127.4, 128.5, 129.8, 130.9, 131.4, 136.5, 152.7, 166.2 ppm; IR (neat, NaCl): 3523, 2925, 2854, 1739, 1674,
1629, 1457, 1379, 1245 cm'1; ESI-HRMS: m/z calc'd for [C50H47N802]+, 791.3816 found 791.3816.

4.6 Study of Photophysical Properties

A stock solution of BPTG (10 mM) in a mixed solution of pure DMSO and 10 mM HEPES buffer pH 7.4
(1 : 6 v/v) was prepared. The UV-vis absorption spectra were recorded in 1 cm quartz cells in the wavelength
range from 225 nm to 600 nm at room temperature. The fluorescence spectra were recorded from 365 nm to
665 nm at room temperature using an excitation wavelength of 342 nm. The fluorescence quantum vyield of
BPTG was calculated from absorbance (below 0.05) by comparing it to standard quinine sulfate (q)F = 0.54) in

0.1 M H,SO,. The standard curve was prepared from dilutions of the stock solution of LPS ranging from 5 nM to

50 UM. Then, the optimized conditions for the LPS sensor were investigated.

4.7 Fluorescence emission Measurements
A stock solution of BPTG (100 mM) in pure DMSO was prepared. A stock solution of 1 mM LPS was
prepared by dissolving in 10 mM HEPES buffer pH 7.4. A mixed solution of BPTG (100 mM, 0.5 mL) and LPS



solution (1 mM, 50 mL) at room temperature was adjusted to 5.0 mL by adding the mixture of DMSO/10 mM
HEPES buffer pH 7.4 (1 : 6 v/v) to afford final concentrations of 100 LLM BPTG and 100 UM LPS. At a time-
point 5 minutes after mixing, the fluorescence emission spectrum was recorded from 365 nm to 665 nm using an
excitation wavelength of 342 nm. An interference study using other biological anionic species with this method
utilized a stock solution of 10 mM of other common acid and phosphate species (malic acid, oleic acid, lauric
acid, aspartic acid, glutamic acid, ATP, ADP, AMP, DNA, RNA, phosphate, lecithin, and heparin) in 10 mM
HEPES buffer pH 7.4. A mixture of BPTG (50 IM), LPS (5 [IM) and each of these interfering species (50 LM)
were prepared. The fluorescence emission spectra were recorded at the single wavelength of 485 nm, using an

excitation wavelength of 342 nm. All measurements were taken after 5 minutes of mixing at room temperature.

4.8 Computational Experiment

Different conformations of the bispyrenyl bis-guanylhydrazone were obtained from the conformational
search in Schrodinger software by using ConfGen method with OPLS_2005 force field. The maximum number of
examined conformations was set to 1000. The DFT calculations with M06-2X functional provided the stable local
minima of the BPTG clusters; namely: sandwich-, semi- and open-stacking based on the folding of pyrene to bis-
guanylhydrazone. All structures were optimized with Gaussian 09 program. The 6-31G(d,p) basis set was used

for all atoms. The molecular orbital and charges were calculated with Natural Bond Orbital (NBO) analysis.

5. Results and Discussion

A novel fluorescent probe to detect LPS based on bispyrenyl terephtalaldehyde-bis-guanylhydrazone
(BPTG) was prepared by a straighforward three-step sequence in high vyield. 2,3-Dihydroxyterephthalic acid
dimethyl ester was alkylated with 1-pyrenebutyl bromide using K,CO; as the base in DMF to give 2 in 81%
(Scheme 1). The aldehyde 3 was obtained in 67% yield by partial reduction of 2 with sodium bis(methoxyethoxy)-

14

aluminium hydride (Red-Al) in the presence of N-methylpiperazine. The BPTG was obtained from the
condensation of terephtaldehyde 3 and the hydrochloride salt of aminoguanidine in refluxing ethanol and
hydrochloric acid. Pure BPTG was isolated as a crystalline hydrochloride salt after cooling to 0 °C and washing

with cold ether.

5.1 LPS Sensing

To our surprise, upon the addition of LPS into the BPTG solution, green excimer fluorescence (peaked at
485 nm) was observed with a characteristic feature of excimer emission along with an increase of monomer
emission around 375 nm (Fig. 2). The enhancement of both excimer and monomer emissions of the bispyrenyl
system is not usual since most sensors based on the two pyrene units linked covalently with central molecule show
ratiometric fluorescence response with the changes of excimer-monomer emissions which involved the reduction of
monomer band and the increase of excimer emission upon the binding to targets and vice versa. Although

bispyrenyl molecule tends to form excimer in aqueous medium due to the lipid nature of pyrene, it is known that



aromatic compounds can intercalate to quench the excimer-monomer emissions. So, the molecular orientation of

BPTG could play an important role in fluorescent quenching process prior the addition of LPS.
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Fig. 3 Changes in fluorescence emission spectra of BPTG (10 LM) upon addition of LPS in DMSO/HEPES (v/v
= 1/6) buffer solution (10 mM, pH 7.4). Excitation wavelength: 342 nm. (Inset) photograph of BPTG (10 UM) in

the presence of 5 LIM LPS in DMSO/HEPES (v/v = 1/6) buffer solution (10 mM, pH 7.4).

5.2 Computational Analysis

In order to better understanding the structural behavior of BPTG, a conformational search was done to
obtain the low-lying stable structures at ground state of BPTG by using ConfGen39 method with OPLS_2005 force
field in Schrodinger software. Three distinct conformations of BPTG as shown in Fig. 4; namely: sandwich-, semi-
and open-stacking based on the folding of pyrene to bis-guanylhydrazone were later optimized by the DFT
calculations with M06-2X functional in Gaussian 09 program to provide the stable local minima. The relative
energies are 0.0, 4.4 and 15.5 kcal mol " for sandwich-, semi- and open-stacking conformations, respectively.

A parallel and co-facial alignment of sandwich stacking with a highly congruent HOMO and LUMO in Fig.
4 suggests that a pairing form between pyrenes and bis-guanylhydrazone prevents the formation of a pyrene
excimer in aqueous buffer via a special T stacking with a butterfly-like skeleton. The distances between each
pyrenyl units and the phenyl ring of the terephtalaldehyde-bis-guanylhydrazone are in the range of 3-4 A. The
HOMO density, the Tl-electron donor, is mainly located on one pyrenyl ring; meanwhile the LUMO density, the TT-
electron acceptor, is mainly located on the bis-guanylhydrazone system in the center part of the sandwich
stacking. These molecular characters could ultimately play an important role in fluorescence quenching of

monomer and excimer emission through photoinduced electron transfer (PET) prior to the binding with LPS.

10
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Fig. 4 Conformations of BPTG, HOMO (second row) and LUMO (third row) of (a) sandwich- (b) semi- and (c)

open-stacking conformations optimized with the M06-2X functional in Gaussian 09 program.

On the basis of theoretical studies, the plausible mechanism of BPTG in the present system is
schematically depicted in Scheme 2 accounting for the excimer-monomer emission ‘turn-on’ in aqueous solution.
Upon the binding event of LPS and BPTG, the aminoguanidine groups form salt bridges with phosphate groups of
LPS, meanwhile pyrene units of BPTG interact with acyl chains of LPS via the lipophilic interactions. Therefore, it
is most likely that pyrenyl units are loosen off from the sandwich stacking and drawn into close proximity to form a

pair of excimer with monomer and excimer emissions.

1



BPTG

Monomer & Excimer Quenching Monomer & Excimer Emission

Scheme 2. Proposed mechanism of the “turn-on mode” of BPTG after addition of LPS.

5.3 Relative Fluorescent Signal (/1)) of BPTG

Upon the addition of LPS (5 UM), the I/I0 of BPTG (10 [LM) exhibited the highest ratio about 30 times as
shown in Fig.5 and the quantum efficiency increased to 25% due to the conformation change allowing excimer

formation. The detection limit of BPTG for LPS detection was measured by using the relative fluorescent signal

plot (1/10) against LPS concentrations ranging from 0 to 5 LM, and this plot provided a good linear correlation (Fig.

5). The limit of detection determined by the plot was 5 nM under our experimental conditions.
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Fig. 5 Relative fluorescent signal (///0) of BPTG (/

485

DMSO/HEPES buffer (10 mM, pH 7.4).

5.4 Job’s Plot
In order to understand the effect of the stoichiometric ratio of BPTG to LPS, we carried out a Job’s plot

analysis and the result suggested that the stoichiometric ratio of BPTG to LPS was 4:1 (Fig. 6).

12
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Fig. 6 Job’s plot of the relationship between fluorescence intensity of BPTG (100 [LM) in DMSO/HEPES (v/v =

1/6) buffer solution (10 mM, pH 7.4) and mole fraction of LPS (7\,em = 485 nm).

5.5 Selectivity of BPTG

To better investigate the practical applicability of BPTG as LPS fluorescence sensor, competitive
experiments were carried out in the presence of LPS mixed with malic acid, oleic acid, lauric acid, aspartic acid,
glutamic acid, ATP, ADP, AMP, DNA, RNA, phosphate, lecithin, and heparin as shown in Fig. 7. No significant
interference in the detection of LPS with the sensor BPTG was observed in the presence of most competitive acid
and phosphate biological species. Accordingly, these observations suggested that the sensor BPTG can be used

as selective fluorescent sensor for LPS in the presence of most biological anionic species.
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Fig. 7 Selectivity of BPTG (10 LLM) to some biologically important anionic species (50 LM) in DMSO/HEPES (v/v
= 1/6) buffer solution (10 mM, pH 7.4). heparin, malic acid, oleic acid, lauric acid, aspartic acid, glutamic acid,
ATP, ADP, AMP, DNA, RNA, phosphate and lecithin. Blank refers to free BPTG (10 [LM) in DMSO/HEPES (v/v =
1/6) buffer solution (10 mM, pH 7.4).
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Heparin is regarded as one of the clinical important medicines for preventing blood clot during heart
surgery or treatment of certain bleeding disorder. BPTG showed a slight change of fluorescence at 485 nm at high
concentration (50 M) due to the lack of the alkyl chains. To the best of our knowledge, BPTG is the first
chemosensor among reported small molecule probes that can sense LPS over heparin. A small enhancement of
fluorescence emission at 485 nm was observed with lecithin since it possesses long alkyl chains and the

negatively charged phosphate that can interact with aminoguanidine moieties of BPTG.

5.6 Visualization of V.cholerae
To demonstrate the application of BPTG as a tool for biological study, Vibrio cholerae, Gram-negative and
virulent bacteria to cause diarrhoeal disease, was incubated with BPTG. Green fluorescence was observed with a

clear black background to reveal living bacteria colonies due to the expression of LPS on cell surface as shown in
Fig. 8.

HN M
=N
/N=NH
HN=N’
= X 2HC
N
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Fig. 8 Visualization of V.cholerae (~106 cells/mL) after incubation with BPTG (10 JAM). Cells were imaged under
Olympus FV10i at 100x magnification.

6. Conclusions and Suggestions

In summary, the development of BPTG for LPS sensing led us to discover the unique molecular feature
of BPTG as a self-quenching molecule prior to binding to LPS. BPTG is a turn-on probe for LPS detection and
displays monomer and excimer emissions in aqueous solution with the lowest of detection limit at 5 nM. BPTG is
highly selective for LPS over heparin and other anionic biological species. The unique molecular architecture of
BPTG provides a better understanding for the rational design of fluorescence sensors. Furthermore, the
molecular design of BPTG as a turn-on sensor could be used for fluorescent-sensor developments of other

target detections as well.
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Turn-on fluorescent sensor for the detection of
lipopolysaccharides based on a novel bispyrenyl
terephtalaldehyde-bis-guanylhydrazonef
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A novel bispyrene compound (BPTG) was developed as a selective lipopolysaccharide (LPS) sensor. The
BPTG probe exhibited high selectivity and sensitivity toward LPS with a fluorescence ‘off-on’ behavior in
HEPES-buffered DMSO-H,O (1:6 (v/v), HEPES = 10 mM, pH = 7.4) with a low detection limit of 5 nM.
The turn-on flurescence sensing of the LPS occurred through monomer and excimer emissions. The
mechanism of the probe was supported by computational experiments and was found to be unique for
its sandwich conformation and self-quenching ability at ground state prior to the binding to the LPS
with a butterfly-like skeleton. Upon binding with LPS in an agueous medium, the probe showed a
dose-dependent increase in fluorescent emissions and exhibited a typical excimer emission peak at
485 nm along with a monomer emission peak at 375 nm. BPTG is highly selective for LPS over heparin
and other anionic biological species. Due to the expression of LPS on the cell surface of Gram negative
bacteria, BPTG was successfully applied as a fluorescent dye to visualize live Vibrio cholerae, which are
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Introduction

Sepsis (also called blood poisoning or septicemia) is a major
public health threat caused by a lipopolysaccharide (LPS), which
is a component of the bacterial cell wall."* Sepsis is the number
one cause of death in the intensive care unit, with a current
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life-threatening bacteria causing diarrhoeal disease.

estimate of at least 750 000 cases per year, and 215 000 fatalities
in the United States annually.® Every year, about 18 million
people are affected by sepsis worldwide with a mortality rate of
nearly 30%." LPS has been proposed as a potential drug target
as well as a good biomarker since it plays a prominent role in
initiating the immune response that causes sepsis.” > Thus, the
development of a robust and specific method is highly desirable
for the time-critical diagnosis and treatment of sepsis patients.

In 2010, an alkylated ammonium-pyrene probe was reported by
Lee’s group® for LPS detection at a low detection limit (100 nM) by
supramolecular assembly. Pyrene is a very useful fluorescent probe
for hydrophobicity.”> Furthermore, it can form intermolecular
excimers in close proximity through n-n stacking interactions of
aromatic rings, in which the two aromatic rings are facing at a
distance of ~3-4 A."*'*> Changes in the surrounding environment
of these multi-fluorophores could result in promoting or preventing
the excimer formation. Hence, this excimer emission phenomenon
has been used extensively in fluorescent chemosensors for nucleic
acid sensing,'®™® pH detection,'® metal ion detection,**>* explosive
detection®**® and fluoride ion sensing.>’

We became interested in the excimer sensing approach
since it has been reported that the formation of intramolecular
excimers is independent of their concentrations,”® which should
be an advantage for both medical applications and as a tool for
biological studies. This led us to consider the development of a

New J. Chem., 2019, 43, 7051-7056 | 7051
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Fig. 1 The molecular structure of a lipopolysaccharide®® and molecular
binding of bis-cationic aminoguanidine species with LPS.

LPS fluorescent probe based on our earlier study on bis-cationic
aminoguanidines for LPS sequestering.” The complementary
distances between the two aminoguanidinyl groups and the
two phosphate groups in LPS (Fig. 1) provide suitable electro-
static interactions, while the alkyl chains bearing pyrenyl groups
synergize the binding force with LPS through hydrophobic
interactions. These two recognition elements seem to be very
important to discriminate LPS from other phosphate species.

Experimental
Reagents and apparatus

Chemical reagents were used as purchased from Tokyo Chemical
Industry Co., Ltd (TCI), unless otherwise noted. All analytical
chemicals were purchased from TCI and used without further
purification. Lipopolysaccharide (LPS) was purchased from Sigma
Company, which was obtained from Escherichia coli 055:B5. All
deuterated solvents were used as purchased from Cambridge
Isotope Labs. Flash column chromatography was performed using
silica gel 60 (230-400 mesh), while thin-layer chromatography
(TLC) was performed on silica gel HLF pre-coated glass plates.
All yields reported refer to isolated materials judged to be
homogeneous by TLC and NMR spectroscopy. The water was
purified using a Millipore filtration system.

Analytical instruments

Nuclear magnetic resonance (NMR) spectra were recorded in
methanol-d, or deuterated chloroform (CDCl;) on a Bruker 400 MHz
spectrometer. UV-vis absorption spectra were recorded on a
Varian Cary 50 UV-vis spectrophotometer (Varian, USA) at 25 °C.
Fluorescence spectroscopy was performed on an EnVision®™
Multilabel Reader (PerkinElmer Inc.). High-resolution electro-
spray ionization mass spectrometry was performed on a Bruker
maXis using CH;CN as a solvent.

Synthesis of compound 2

A solution of bromopyrene (100 mg, 0.44 mmol) in DMF (2 mL)
was added slowly to a stirred mixture of dimethyl 2,3-dihydroxy-
terephthalate (297 mg, 0.88 mmol) and K,COj; (150 mg, crushed
to a powder) in DMF (3 mL). The resulting mixture was heated
and stirred overnight at reflux. All the volatiles were removed
in vacuo, and the residue was partitioned between water and DCM.
The organic layer was washed with brine and dried over MgSO,.
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The crude product was purified using silica-column chromato-
graphy (hexane: EtOAc = 4:1) to give the desired product as a
pale yellow liquid (263 mg, yield 81%). '"H NMR (400 MHz,
CDCl;) 6 1.9 (8H, m), 3.2 (4H, t,] = 7.3 Hz), 3.8 (6H, s), 4.1 (4H, t,
J = 6.2 Hz), 7.5 (2H, s), 7.7-8.1 (18H) ppm; *C NMR (100 MHz,
CDCl3) § 28.0, 30.1, 33.0, 52.2, 74.8, 123.2, 124.5, 124.6, 124.7,
124.9, 125.1, 125.6, 126.4, 127.0, 127.3, 128.5, 129.7, 129.7, 130.7,
131.3, 136.4, 153.1, 165.9 ppm; IR (neat, NaCl): 3040, 2924, 2854,
1727, 1602, 1434, 1283, 1260 1037, 843, 757 cm ™ ; ESFHRMS: mj/z
calculated for [CsoH,,NaOg|", 761.2874 found 761.2876.

Synthesis of compound 3

A solution of N-methylpiperazine in toluene (0.90 g, 9.02 mmol,
1 mL) was added to a solution of sodium bis(methoxyethoxy)
aluminum hydride (70% toluene solution, 1.04 g, 5.12 mmol,
2 mL) at 0 °C for 0.5 h. The obtained toluene solution was
added to a solution of 2 (100 mg, 0.14 mmol) in toluene (0.5 mL)
at —20 °C over 50 min, and the mixture was stirred at room
temperature for 30 min. The reaction was quenched by adding
water (20 mL) and toluene (5 mL). The insoluble materials were
filtered off and the filtrate was washed with a 1 N HCI solution,
water, and brine. The organic layer was dried over anhydrous
Na,S0O,, and then concentrated in vacuo. Flash chromatography
(CH,Cl,) of the residue gave 3 as a yellow liquid (61.6 mg yield:
67%). "H NMR (400 MHz, CDCl;) 6 11.9 (8H, m), 3.3 (4H, t,
J=7.2Hz),4.1 (2H, t,] = 6.2 Hz), 7.6 (2H, s), 7.7-8.2 (18H), 10.4
(2H, s) ppm; *C NMR (100 MHz, CDCI;) J 28.0, 28.9, 33.0, 75.7,
122.7, 123.1, 124.7, 124.8, 124.9, 125.1, 125.8, 126.7, 127.1,
127.3, 127.4, 129.9, 130.8, 131.4, 134.4, 135.9, 156.0, 189.3 ppm;
IR (neat, NaCl): 3526, 3039, 2937, 2864, 1686, 1602, 1439, 1376,
1243, 1161, 1036, 842, 758 cm™'; ESI-HRMS: m/z calculated for
[CasH350,4 + 2H,0]", 714.2976 found 714.0608 and [C,sH;50, +
H20]+, 696.2870 found 696.3110.

Synthesis of BPTG

To a hot solution at 70 °C of aminoguanidine hydrochloride
(33.17 mg, 0.3 mmol) in EtOH (1 mL) was added a solution of 3
(100 mg, 0.15 mmol, in 0.5 mL EtOH) and conc. HCI (0.1 mL).
The reaction mixture was heated up to 80 °C for 1 h. The
reaction mixture was cooled to 0 °C. The resultant precipitate
was filtered and washed with cold ether (2 mL) to give the bis-
guanylhydrazone analogue BPTG as a white solid 127 mg
(quantitative yield). 'H NMR (400 MHz, CD;0D) ¢ 1.7 (8H, m),
3.0 (4H, t,J = 6.7 Hz), 3.9 (4H, t, ] = 6.1 Hz), 7.4 (2H, s), 7.5-8.0
(18H), 8.22 (s, 2H) ppm; *C NMR (100 MHz, CD;0D) § 28.1,
30.1, 33.1, 74.9, 123.3, 124.6, 124.7, 125.8, 125.7, 126.5, 127.1,
127.4, 128.5, 129.8, 130.9, 131.4, 136.5, 152.7, 166.2 ppm;
IR (neat, NaCl): 3523, 2925, 2854, 1739, 1674, 1629, 1457, 1379,
1245 cm™'; ESI-HRMS: m/z calculated for [CsoH,/NgO,]",
791.3816 found 791.3816.

Study of the photophysical properties

A stock solution of BPTG (10 mM) in a mixed solution of pure
DMSO and 10 mM HEPES buffer pH 7.4 (1: 6 v/v) was prepared.
The UV-vis absorption spectra were recorded in 1 cm quartz
cells at wavelengths ranging from 225 nm to 600 nm at room
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temperature. The fluorescence spectra were recorded from
365 nm to 665 nm at room temperature using an excitation
wavelength of 342 nm. The fluorescence quantum yield of
BPTG was calculated from the absorbance (below 0.05) by
comparing it to standard quinine sulfate (®x = 0.54) in 0.1 M
H,S0,.>° The standard curve was obtained by recording the
florescence from dilutions of the stock solution of LPS ranging
from 5 nM to 50 uM. Then, the optimized conditions for the
LPS sensor were investigated.

Fluorescence emission measurements

A stock solution of BPTG (100 mM) in pure DMSO was prepared.
A stock solution of 1 mM LPS was prepared by dissolving in
10 mM HEPES buffer pH 7.4. A mixed solution of BPTG (100 mM,
0.5 mL) and LPS solution (1 mM, 50 mL) at room temperature
was adjusted to 5.0 mL by adding the mixture of DMSO/10 mM
HEPES buffer pH 7.4 (1:6 v/v) to afford final concentrations of
100 uM BPTG and 100 uM LPS. At a time-point 5 minutes after
mixing, the fluorescence emission spectrum was recorded from
365 nm to 665 nm using an excitation wavelength of 342 nm. An
interference study using other biological anionic species with this
method utilized a stock solution of 10 mM of other common acid
and phosphate species (malic acid, oleic acid, lauric acid, aspartic
acid, glutamic acid, ATP, ADP, AMP, DNA, RNA, phosphate,
lecithin, and heparin) in 10 mM HEPES buffer pH 7.4. Mixtures
of BPTG (50 pM), LPS (5 uM) and each of these interfering species
(50 uM) were prepared. The fluorescence emission spectra were
recorded at the single wavelength of 485 nm, using an excitation
wavelength of 342 nm. All measurements were taken after 5 minutes
of mixing at room temperature.

Computational experiments

Different conformations of the bispyrenyl bis-guanylhydrazone
were obtained from the conformational search in Schrédinger
software by using the ConfGen method with the OPLS_2005
force field. The maximum number of examined conformations
was set to 1000. The DFT calculations with M06-2X functional
provided the stable local minima of the BPTG clusters, namely
sandwich-, semi- and open-stacking based on the folding of
pyrene to bis-guanylhydrazone. All structures were optimized
with a Gaussian 09 program. The 6-31G(d,p) basis set was used
for all atoms. The molecular orbitals and charges were calculated
with natural bond orbital (NBO) analysis.

Results and discussion

A novel fluorescent probe to detect LPS based on bispyrenyl
terephtalaldehyde-bis-guanylhydrazone (BPTG) was prepared
by a straightforward three-step sequence in high yield. 2,3-
Dihydroxyterephthalic acid dimethyl ester was alkylated with
1-pyrenebutyl bromide using K,CO; as the base in DMF to give 2
in 81% yield (Scheme 1). Aldehyde 3 was obtained in 67% yield
by the partial reduction of 2 with sodium bis(methoxyethoxy)-
aluminium hydride (Red-Al) in the presence of N-methyl-
piperazine.®® BPTG was obtained from the condensation of
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=
MeO. oH DMF MeO. o sodium bis(methoxyethoxy)-
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Scheme 1 Synthesis of the LPS sensor BPTG.

terephtaldehyde 3 and the hydrochloride salt of aminoguani-
dine in refluxing ethanol and hydrochloric acid. Pure BPTG was
isolated as the crystalline hydrochloride salt after cooling to
0 °C and washing with cold ether.

Surprisingly, upon the addition of LPS into the BPTG solution,
green excimer fluorescence (peaked at 485 nm) was observed with
a characteristic feature of excimer emission along with an increase
in monomer emission at around 375 nm (Fig. 2). The enhance-
ment of both excimer and monomer emissions of the bispyrenyl
system is not usual since most sensors based on the two pyrene
unitslinked covalently to a central molecule show a ratiometric
fluorescence response with the changes in excimer-monomer
emissions, which involves the reduction of the monomer band
and the increase in the excimer emission upon binding to targets
and vice versa. Although the bispyrenyl molecule tends to form an
excimer in an aqueous medium due to the lipid nature of
pyrene,'®'%%>73 it is known that aromatic compounds can inter-
calate to quench the excimer-monomer emissions.**® Therefore,
the molecular orientation of BPTG could play an important role in
the fluorescent quenching process prior to the addition of LPS.

In order to better understand the structural behavior of BPTG,
a conformational search was done to obtain the low-lying stable
structures at the ground state of BPTG using the ConfGen®
method with the OPLS_2005 force field in Schrédinger software.
Three distinct conformations of BPTG as shown in Fig. 3, namely

12000
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BPTG +LPS
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Fluorescence Intensity
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Wavelength (nm)

Fig. 2 Changes in the fluorescence emission spectra of BPTG (10 pM)

upon the addition of LPS in DMSO/HEPES (v/v = 1/6) buffer solution

(10 mM, pH 7.4). Excitation wavelength: 342 nm. (inset) Photograph of

BPTG (10 pM) in the presence of 5 uM LPS in DMSO/HEPES (v/v = 1/6)

buffer solution (10 mM, pH 7.4).
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Fig. 3 Conformations of BPTG, HOMO (second row) and LUMO (third
row) of (a) sandwich- (b) semi- and (c) open-stacking conformations
optimized with the M06-2X functional in Gaussian 09 program.

sandwich-, semi- and open-stacking based on the folding of
pyrene to bis-guanylhydrazone, were later optimized using the
DFT calculations with M06-2X functional**™** in the Gaussian
09 program to provide the stable local minima. The relative
energies are 0.0, 4.4 and 15.5 kcal mol™" for sandwich-, semi-
and open-stacking conformations, respectively.

A parallel and co-facial alignment of sandwich stacking
conformation with a highly congruent HOMO and LUMO in
Fig. 3 suggests that a pairing formed between the pyrenes and
the bis-guanylhydrazone prevents the formation of a pyrene
excimer in aqueous buffer via special n stacking with a butterfly-
like skeleton. The distances between each pyrenyl unit and the
phenyl ring of the terephtalaldehyde-bis-guanylhydrazone are in
the range of 3-4 A. The HOMO density of the n-electron donor is
mainly located on one pyrenyl ring; moreover, the LUMO density of
the m-electron acceptor is mainly located on the bis-guanylhydrazone
system in the center part of the sandwich stacking. These molecular
characters could ultimately play an important role in the fluores-
cence quenching of monomer and excimer emissions through
photoinduced electron transfer (PET)* prior to the binding with LPS.

On the basis of theoretical studies, the plausible mechanism of
BPTG in the present system is schematically depicted in Scheme 2
and accounts for the excimer-monomer emission ‘turn-on’ in
aqueous solution. Upon the binding of LPS and BPTG, the
aminoguanidine groups form salt bridges with the phosphate
groups of LPS; moreover, the pyrene units of BPTG interact with
the acyl chains of LPS via the lipophilic interactions. Therefore,
it is most likely that the pyrenyl units are loosened off from the
sandwich stacking and drawn into close proximity to form a pair
of excimers with monomer and excimer emissions.

Upon the addition of LPS (5 uM), BPTG (10 uM) exhibited
the highest I/, ratio of about 30 times as shown in Fig. 4 and
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Scheme 2 Proposed mechanism of the “turn-on mode"” of BPTG after
the addition of LPS.
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Fig. 4 Relative fluorescent signal (//lg) of BPTG (/485 upon addition of
LPS 0-5 puM, ex = 342 nm) in a solution of DMSO/HEPES buffer (10 mM,
pH 7.4).

the quantum efficiency increased to 25% due to a conformational
change, allowing excimer formation (Table S1, ESIt). The detection
limit of BPTG for LPS was measured using the relative fluorescent
signal plot (Z/I,) against LPS concentrations ranging from 0 to
5 uM, and this plot provided a good linear correlation (Fig. 4). The
limit of detection determined by the plot was 5 nM under our
experimental conditions. In order to understand the effect of the
stoichiometric ratio of BPTG to LPS, we performed a Job’s plot
analysis, and the result suggested that the stoichiometric ratio of
BPTG to LPS was 4:1 (Fig. 5).

To better investigate the practical applicability of BPTG as a
LPS fluorescence sensor, competitive experiments were performed
in the presence of LPS mixed with malic acid, oleic acid, lauric
acid, aspartic acid, glutamic acid, ATP, ADP, AMP, DNA, RNA,
phosphate, lecithin, and heparin, as shown in Fig. 6. No significant
interference was observed in the detection of LPS with the BPTG
sensor in the presence of the most competitive acid and phosphate
biological species. Accordingly, these observations suggest that the
BPTG sensor can be used as a selective fluorescent sensor for LPS
in the presence of most biological anionic species.

Heparin is regarded as one of the clinically important
medicines for preventing blood clots during heart surgery or
for the treatment of certain bleeding disorders. BPTG showed a
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Fig. 5 Job’s plot for the relationship between the fluorescence intensity
of BPTG (100 puM) in DMSO/HEPES (v/v = 1/6) buffer solution (10 mM,
pH 7.4) and the mole fraction of LPS (lem, = 485 nm).
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Fig. 6 Selectivity of BPTG (10 uM) to some biologically important anionic
species (50 pM) in a DMSO/HEPES (v/v = 1/6) buffer solution (10 mM, pH
7.4): heparin, malic acid, oleic acid, lauric acid, aspartic acid, glutamic acid,
ATP, ADP, AMP, DNA, RNA, phosphate and lecithin. Blank refers to free
BPTG (10 uM) in a DMSO/HEPES (v/v = 1/6) buffer solution (10 mM, pH 7.4).

slight change in fluorescence at 485 nm at high concentration
(50 uM) due to the lack of alkyl chains. To the best of our knowl-
edge, BPIG is the first chemosensor among other reported small

NS

Fig. 7 Visualization of V. cholerae (~10° cells per mL) after incubation
with BPTG (10 pM). Cells were imaged under Olympus FV10i at 100x
magnification.
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molecule probes that can sense LPS over heparin. A small
enhancement in the fluorescence emission at 485 nm was
observed with lecithin since it possesses long alkyl chains
and the negatively charged phosphate that can interact with
the aminoguanidine moieties of BPTG.

To demonstrate the application of BPTG as a tool for biological
studies, Vibrio cholerae, which are Gram-negative and virulent
bacteria causing diarrhoeal disease, were incubated with BPTG.
Green fluorescence was observed with a clear black background to
reveal living bacteria colonies due to the expression of LPS on the
cell surface, as shown in Fig. 7.

Conclusions

In summary, the development of BPTG for LPS sensing led us to
discover the unique molecular feature of BPTG as a self-
quenching molecule prior to binding to LPS. BPTG is a turn-on
probe for the LPS detection and displays monomer and excimer
emissions in aqueous solution with the lowest detection limit at
5 nM. BPTG is highly selective for LPS over heparin and other
anionic biological species. The unique molecular architecture of
BPTG provides a better understanding for the rational design of
fluorescence sensors.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors gratefully thank the Thailand Research Fund (TRF,
grant number: MRG5680030) and the research fund for DPST

Graduate with First Placement [Grant no. 4/2014] via K. K., the
Institute for the Promotion of Teaching Science and Technol-
ogy (IPST), Thailand. KK would also like to express his gratitude
to Professor Dr Jumras Limtrakul and Assoc. Prof. Dr Tienthong
Thongpanchang for their mentorship and support.

References

1 G.S. Martin, D. M. Mannino, S. Eaton and M. Moss, N. Engl.
J. Med., 2003, 348, 1546-1554.

2 P. Danai and G. S. Martin, Curr. Infect. Dis. Rep., 2005, 7,
329-334.

3 D.C. Angus and R. S. Wax, Crit. Care Med., 2001, 29, S109-S116.

4 E. Slade, P. Tamber and J.-L. Vincent, Crit. Care, 2003, 7, 1-2.

5 K. Khownium, S. J. Wood, K. A. Miller, R. Balakrishna,
T. B. Nguyen, M. R. Kimbrell, G. I. Georg and S. A. David,
Bioorg. Med. Chem. Lett., 2006, 16, 1305-1308.

6 C. A. Janeway Jr and R. Medzhitov, Annu. Rev. Immunol.,
2002, 20, 197-216.

7 S.Voss, R. Fischer, G. Jung, K.-H. Wiesmiiller and R. Brock,
J. Am. Chem. Soc., 2007, 129, 554-561.

8 L. Zeng, J. Wu, Q. Dai, W. Liu, P. Wang and C.-S. Lee, Org.
Lett., 2010, 12, 4014-4017.

New J. Chem., 2019, 43, 7051-7056 | 7055



Paper

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

7056 | New J. Chem. 2019, 43, 7051-7056

M. Rangin and A. Basu, J. Am. Chem. Soc., 2004, 126,
5038-5039.

M. Lan, J. Wu, W. Liu, W. Zhang, J. Ge, H. Zhang, J. Sun,
W. Zhao and P. Wang, J. Am. Chem. Soc., 2012, 134, 6685-6694.
P. Pristovsek, S. Sim¢i¢, B. Wraber and U. Urleb, J. Med.
Chem., 2005, 48, 7911-7914.

G. Jones and H. Jiang, Bioconjugate Chem., 2005, 16, 621-625.
P. Somerharju, Chem. Phys. Lipids, 2002, 116, 57-74.

B. W. Van der Meer, Subcell. Biochem., 1988, 13, 1-53.

M. Masuko, H. Ohtani, K. Ebata and A. Shimadzu, Nucleic
Acids Res., 1998, 26, 5409-5416.

J. Wu, Y. Zou, C. Li, W. Sicking, I. Piantanida, T. Yi and
C. Schmuck, J. Am. Chem. Soc., 2012, 134, 1958-1961.

K. Fujimoto, H. Shimizu and M. Inouye, J. Org. Chem., 2004,
69, 3271-3275.

F. D. Lewis, Y. Zhang and R. L. Letsinger, J. Org. Chem.,
1997, 62, 8565-8568.

Z.Xu, N.]J. Singh, J. Lim, J. Pan, H. N. Kim, S. Park, K. S. Kim
and J. Yoon, J. Am. Chem. Soc., 2009, 131, 15528-15533.

L. Liu, D. Zhang, G. Zhang, J. Xiang and D. Zhu, Org. Lett.,
2008, 10, 2271-2274.

S. Wang, L. Ding, J. Fan, Z. Wang and Y. Fang, ACS Appl.
Mater. Interfaces, 2014, 6, 16156-16165.

J- K. Choi, S. H. Kim, J. Yoon, K.-H. Lee, R. A. Bartsch and
J. S. Kim, J. Org. Chem., 2006, 71, 8011-8015.

J. Cho, T. Pradhan, J. S. Kim and S. Kim, Org. Lett., 2013, 15,
4058-4061.

R. Martinez, A. Espinosa, A. Tarraga and P. Molina, Org.
Lett., 2005, 7, 5869-5872.

J. V. Goodpaster and V. L. McGuffin, Anal. Chem., 2001, 73,
2004-2011.

S. Burattini, H. M. Colquhoun, B. W. Greenland, W. Hayes
and M. Wade, Macromol. Rapid Commun., 2009, 30, 459-463.

27

28

29

30
31

32

33

34

35

36

37

38

39

40

41
42

43

NJC

S. K. Kim, J. H. Bok, R. A. Bartsch, J. Y. Lee and J. S. Kim,
Org. Lett., 2005, 7, 4839-4842.

S. Qiao, Q. Luo, Y. Zhao, X. C. Zhang and Y. Huang, Nature,
2014, 511, 108-111.

H. Nohta, H. Satozono, K. Koiso, H. Yoshida, J. Ishida and
M. Yamaguchi, Anal. Chem., 2000, 72, 4199-4204.

S. Fery-Forgues and D. Lavabre, . Chem. Educ., 1999, 76, 1260.
Y. Fukuda, S. Seto, H. Furuta, H. Ebisu, Y. Oomori and
S. Terashima, J. Med. Chem., 2001, 44, 1396-1406.

H. Park, S. Lee and J. M. Kim, Photochem. Photobiol. Sci.,
2007, 6, 1057-1060.

Y. Shiraishi, Y. Tokitoh and T. Hirai, Org. Lett., 2006, 8,
3841-3844.

X. L. Ni, S. Wang, X. Zeng, Z. Tao and T. Yamato, Org. Lett.,
2011, 13, 552-555.

J. S. Kim, M. G. Choi, K. C. Song, K. T. No, S. Ahn and
S. K. Chang, Org. Lett., 2007, 9, 1129-1132.

P. Conlon, C. J. Yang, Y. Wu, Y. Chen, K. Martinez, Y. Kim,
N. Stevens, A. A. Marti, S. Jockusch, N. J. Turro and W. Tan,
J. Am. Chem. Soc., 2008, 130, 336-342.

H. Turhan, E. Tukenmez, B. Karagoz and N. Bicak, Talanta,
2018, 179, 107-114.

K. Velmurugan, A. Raman, S. Easwaramoorthi
R. Nandhakumar, RSC Adv., 2014, 4, 35284-35289.
K. S. Watts, P. Dalal, R. B. Murphy, W. Sherman, R. A. Friesner
and J. C. Shelley, J. Chem. Inf. Model., 2010, 50, 534-546.

Y. Zhao, N. E. Schultz and D. G. Truhlar, J. Chem. Theory
Comput., 2006, 2, 364-382.

Y. Zhao and D. Truhlar, Theor. Chem. Acc., 2008, 120, 215-241.
B. Boekfa, S. Choomwattana, P. Khongpracha and J. Limtrakul,
Langmuir, 2009, 25, 12990-12999.

N. S. Kumar, M. D. Gujrati and J. N. Wilson, Chem. Commun.,
2010, 46, 5464-5466.

and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019



Electronic Supplementary Material (ESI) for New Journal of Chemistry.
This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019

SUPPORTING INFORMATION

Turn-on fluorescent sensor for the detection of lipopolysaccharide
based on a novel bispyrenyl terephtalaldehyde-bis-
guanylhydrazone

Kriangsak Khownium, ® Jariya Romsaiyud,® Suparerk Borwornpinyo,“? Preedajit
Wongkrasant,® Pawin Pongkorpsakol,® Chatchai Muanprasat,®? Bundet Boekfa,’
Tirayut Vilaivan,® Somsak Ruchirawat,” and Jumras Limtrakul’

@Faculty of Medicine, King Mongkut’s Institute of Technology Ladkrabang, Bangkok, 10520, Thailand
bDepartment of Chemistry and Center of Excellence for Innovation in Chemistry, Faculty of Science,
Ramkhamhaeng University, Huamark, Bangkapi, Bangkok 10240, Thailand

‘Department of Biotechnology and “Excellent Center for Drug Discovery, and ®Department of Physiology
Faculty of Science, Mahidol University, Bangkok 10400, Thailand

fChemistry Department, Faculty of Liberal Arts and Science, Kasetsart University Kamphaeng Saen Campus,
Nakhon Pathom 73140, Thailand

gDepartment of Chemistry, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand
PChulabhorn Research Institute, Vipavadee-Rangsit Highway, Bangkok 10210, Thailand

iDepartment of Materials Science and Engineering, School of Molecular Science and Engineering,
Vidyasirimedhi Institute of Science and Technology, Rayong 21210, Thailand

*Correspondence to Kriangsak Khownium, kriangsak.kh@kmitl.ac.th

Table of Contents Page
1. Spectroscopic data of synthesized compounds S2

2. Absorption spectra of BPTG before and after the addition of LPS S10
3. The photophysical properties of BPTG S10
4. Results of computational experiments S11

S1



1. Spectroscopic data of synthesized compounds

4.0
4072
a8

<

—ams
3303
éllﬂ
3136
— L&T1

Qurrent Dats Parametes

NAME R0
EXPNOD 1
PROCNO 1

FI - Aoguisition Farameters

Dt ZOL1SMIZZ

Time 1T

HETRUM

FROSHD 3 mm DUL 1301

LFR0E =

™ =TEs

SOLVENT cooE

N 3

oz ]

T EHE=EIEES

FIDRES  Q.AIEEE Mz

Ll TEATROM sax

£ HE

oW E0.200 uses

o 520

TE IBTEN

oL 200000000520
CHAMMEL F1

HUCL 1

=1 10,90 usec

FLW'1 12 355555 W
SFRO1 00131235 Mk

FZ - Processing parametes
= B35

5F 00 13ELT MHD
WY EM
5=8 0

=
(<]
P

e T T T ! L)

"

g

T T
5 0 65 &0 L 50

Fig. S1 'H NMR spectrum of dimethyl 2,3-bis(4-(pyren-1-yl)butoxy)terephthalate (2)

S2



RO04 ] = HELE =
R /E 5 B e
] s\ V/ | o=
e
e
I e
;E‘“ lifﬁ”,f:
2 Do mvie e
:-Fm;s;:;rmm
{ ‘ W, - W --JW-«-HJU L'hnﬂ;:nmam::’m
190 w15 wWe 1 10 1o we % % m @ s 4 3 0 10 ppm
Fig. S2 13C NMR spectrum of dimethyl 2,3-bis(4-(pyren-1-yl)butoxy)terephthalate (2)
’:: i = i —‘.‘-"qﬂ N M\ /
N 4 O\ { !
" .’ wn N\ [ A
,‘ I AN "
(7] \ \ / (\ f
160295 | / i1l
% 30402 t V I ,
)
:j \ j '\ 691 Il A'\ " ,
| ' Ilﬁr ' )AIJ\ [ 35
~ ‘ ‘ e L | 1981
82 | | 285408 143493 ] 100 \ ' 730
- | ” |
7% | o ‘1' : Ky
“‘ e Uil 103764 1[ 2
wT 764 f '
74 2 e '7’:«?» :
7.l w90 II
70 O I
o] J |
o4 . !
6 {
1 2 :
60, l
58
% 80
533 . — - — . e e s e
4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650.0

<m-1

Fig. S3 IR spectra of dimethyl 2,3-bis(4-(pyren-1-yl)butoxy)terephthalate (2)

S3



Mass Spectrum List Report

Analysis Info
Analysis Name TOFCRI018719 Kittisak ROO4 E+.d

Acquisition Date 10/31/2014 10:31:19 AM

Method Nitirat ESI pos 2014-1.m Operator Administrator
Sample Name  ESlpos Instrument micrOTOF 74
Acquisition Parameter Set Corrector Fill 64 V
Source Type ESI lon Polarity Positive Set Pulsar Pull 405V
Scan Range nfa Capillary Exit 110.0V Set Pulsar Push 405V
Scan Begin 100 miz Hexapole RF 150.0V Set Reflector 1300V
Scan End 1000 m/z Skimmer 1 Bsov Set Flight Tube 9000 V
Hexapole 1 229V B Set Detector TOF 1860 V -
Intens. r@i"’ 7612876 +MS_ 0.5-0.5min #(45-52)
1500+
] 653.2892
10001
2
5001 703.2893 803.5395
B31.5721 881.6386

650

700

750

850

U 2 L
2SS = -
3 93colinsanzanacy : 3 §
| "W W W | Currant Dets Parameters
HAME =0T
EXPRD 1
FROCHD 1
FZ - fuogquisition Parameters
Dete_ 2N410E
Time 132
HETEUM pazt
H FROEHD 3 men DUL 1301
H kN 1
o 7
SOLVENT cooE
Mz 0
o] o} o o
W SR 115z
FIDRES  OLlmE3dskr
&g ST e
sz sas7
oW 0200
DE 530U
TE 005K
o1 20D 5=
CHANMELTL
HUC1 1#
FL 1030 sec
PN 1TSEEISTIW
SFOL BDAIESIAMEE
FI - Froosssing paramates
3 E s2535
IF 3001300034MH:
Wow E
=2 o0
= LT
@ o
C 100
-
r T T T T T T T T T T ¥ ¥ T T L v L T T 1
10.0 a5 35 K] 75 T (L3 60 45 40 s an 3 1 15 L0 05 00 ppm
4 W e W o

Fig. S5 'H NMR spectrum of 2,3-bis(4-(pyren-1-yl)butoxy)terephthalaldehyde (3)

S4



— 18930

— 155992

3

134426

131352
130823
129.902
128,965
128,610
128.550
27454
1341
27104
26,673
29528
2507
24,940
24756
24.739
23072
21.748
T4
é 77.020
\

76597
75693

Current Dats Parametars

HAME RO

EXPHD z

PROCNO 1

FZ - Aoquisition Parameiers

Dete_  BUAL0E

Tiene 1433

HEETRLM

PROEHD 3 mmen DUL 13C-1

FLLPROE T

T B3

SOLVENT oDoE

NE a7

oS '

SwH 13@= 246 HE

FIDRES OZOEH:

&0 121781858

RS ok

oy T.TiSusec

DE 30 user

TE TEEIE

ol LT000000% sec

D11 002000000 =
CHANNEL f1 ==

HUc1 =T

=1 SLE0uses

PLW1 S0L0OO00000 W
SFO1 TIATRSAS W

CHANNELTZ ==
CROFREZ  waikls
L] 1H
POPDZ S0.00 usac

PLWZ 17 3ETESETIW
PLWAIZ OLITMEZ00LW
SFOZ S01STR000 MH

FZ - Procsssing parameters
= -

Era -]

=F TIASTTAE0 M
=L

98.6

%T

85

75

65

60

5.

9.0:

180 170

T
160

140

100 90 &0 n L]

40

L

Fig. S6 3C NMR spectrum of 2,3-bis(4-(pyren-1-yl)butoxy)terephthalaldehyde (3)
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Fig. S8 ESI-MS of 2,3-bis(4-(pyren-1-yl)butoxy)terephthalaldehyde (3)
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2. Absorption spectra of BPTG before and after the addition of LPS
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Fig. S13 Absorption spectra of BPTG (5 uM) in a solution of DMSO/HEPES (v/v = 1/6) buffer (10 mM,
pH 7.4) before and after addition of LPS (10 uM). The UV-vis absorbance maximum at 342 nm is
corresponding to the pyrenyl band.

3. The photophysical properties of BPTG

Table S1. Photophysical properties of BPTG in a solution of DMSO/HEPES (v/v = 1/6) buffer (10 mM,
pH 7.4) before and after addition of LPS.

Absorption Emission
Compound
Xmax(nm) € (M‘lcm'l) Kem(nm) (O
BPTG 342 76,320 485 0.072
BPTG + LPS 342 78,537 485 0.090

a : Quinine sulfate in 0.1 M H,SO4 (®r= 0.54) was used as standard
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4. Results of computational experiments

side view tilt side view

Fig. $14 Sandwich stacking conformation of BPTG like a butterfly-like skeleton

Table S2. BPTG's conformations and their total energies, HOMO's enegies, LUMOQO’s enegies and band
gap of (a) sandwich- (b) semi- and (c) open-stacking optimized with the M06-2X functional in Gaussian
09 program.

o,

( RSO
[sg

BPTG's Conformation

sandwish- semi- open-
Total Energy (au) -2521.337149 -2521.330214 -2521.312463
Relative E nergy (kcal/mol) 0.00 435 15.49
LUMO (au) -0.21554 -0.22098 -0.23608
HOMO (au) -0.38725 -0.36041 -0.32508
band gap (eV) 4.67257252 3.79416916 2.421868

The MO06 functional was developed by Zhao and Truhlar. * The M06 functional, which take care the
van der Waals interaction, has been successful studied on the adsorption and reaction on several
material such as zeolite,* alloy metal,® porphyrin® and metal-organic framework.” We optimized all
structures with Gaussian 09 program.®
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