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Abstract: The ester functionality is commonly seen in the
areas of chemical biology and medicinal chemistry for the
design of cell-permeable active molecules. Ester-based pro-
drug/pro-sensor strategies are employed to mask polar
functional groups (i. e. carboxylic acids) and improve the
overall cell permeability of these functional molecules.
However, their use as reactive units for sensing applications,
including bacterial detection, has not been fully explored.
Herein, we synthesised two TCF-based fluorescent probes,
TCF-OAc and TCF-OBu. As expected, both TCF-OAc and
TCF-OBu demonstrated a significant fluorescence (22- and
43-fold, respectively) and colorimetric response (yellow to
purple) towards porcine liver esterase (PLE) with a limit of
detection of 1.18 mU/mL and 0.45 mU/mL, respectively.

With these results in hand, the ability of these probes to
detect planktonic suspensions of gram-positive Staphylococ-
cus aureus (S. aureus) and gram-negative Pseudomonas
aeruginosa (P. aeruginosa), and Escherichia coli (E. coli) were
evaluated. Different fluorescence responses for gram-positive
and gram-negative bacteria were observed between TCF-OAc
and TCF-OBu. After 1 h incubation, TCF-OAc proved more
sensitive towards S. aureus, demonstrating a significant
fluorescence “turn on” response (16-fold); whereas, TCF-
OBu was more selective towards P. aeruginosa, with a 22-fold
increase in the fluorescence response observed. These
results demonstrate the influence of the ester chain length
on the selectivity for bacterial species.
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Wound infections pose a significant risk to patients’ health and
are a financial burden to health care systems.[1] Routine
microbiological analysis is needed for the accurate diagnosis
of wound infections; however, these procedures are often slow
and labour intensive.[2] Therefore, clinicians tend to diagnose
wound infections through the observation of clinical
indicators.[3] Unfortunately, this can lead to the misuse of

antibiotics, which results in the development of antibiotic
resistant bacteria.[4] To overcome these clinical challenges, the
development of easy-to-use diagnostic devices for the accurate
and rapid detection of pathogenic bacteria is highly desired.[5]
Recent diagnostic methods include enzyme-linked immuno-
sorbent assays (ELISA),[6] polymerase chain reaction (PCR)-
based methods,[7] DNA arrays,[8] and mass spectrometric
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analysis.[9] However, these expensive and invasive methods
require specialised and trained personnel.

An attractive alternative is the use of small molecule
fluorescent and colorimetric probes because they are simple to
use, highly sensitive, low in cost, easy to handle, can be used
by a non-specialist and have fast detection times.[10] In
addition, they offer a complementary strategy to smart wound
technologies and point of care (PoC) devices.[11] Current small-
molecule fluorescent probes utilise enzyme-based biomarkers
to facilitate the detection of pathogenic bacteria,[12] which
include elastases,[10e] phosphatases,[13] glycosidases,[14]
proteases[15] and lipases.[16]

Ester functionalisation is commonly used in medicinal
chemistry and chemical biology for the masking of polar
alcohol and carboxylic acid functionalities on therapeutics or
sensors to afford cell permeable pro-molecules.[17] Upon
cellular uptake, these ester pro-molecules are expected to
cleave by a range of cellular esterases and release the active
molecule. However, recent studies have found various
bacterial species exhibit significant substrate specificity for
ester functionalities, which can influence the efficacy of a
particular therapeutic.[17a] With this knowledge in hand, we
expected that ester functionalised fluorescent probes differing
in alkyl chain length may confer a level of selectivity for the
detection of bacterial species. Here, we synthesised and
evaluated two 2-dicyanomethylene-3-cyano-4,5,5-trimethyl-
2,5-dihydrofuran (TCF)-based probe TCF-OAc (previously
reported for hydrazine detection)[18] and the novel TCF-OBu)
for the fluorescent and colorimetric detection of bacterial
species. The ester deprotection (esterase-mediated and bacte-
rial-mediated) of TCF-OAc and TCF-OBu results in the

release of the donor-π-acceptor (D-π-A) system TCF-OH,[19]
which affords an ideal long fluorescence emission wavelength
(~600 nm) accompanied by a colorimetric change from yellow
to purple (Scheme 1).[20]

In brief, TCF-OAc and TCF-OBu were synthesised
through the simple acylation of TCF-OH using acetyl chloride
and butyryl chloride, respectively - see supporting information
for full details. With each probe in hand, UV-Vis and
fluorescence titrations were carried out using porcine liver
esterase (PLE). 10% DMSO was required to provide good
aqueous solubility for TCF-OAc and TCF-OBu. As expected,
the addition of PLE to both TCF-OAc and TCF-OBu resulted
in a clear bathochromic shift from 450 nm to 570 nm, and a
significant turn-on fluorescence response at 606 nm, which
was indicative of the formation of TCF-OH (Figures 1 and
S1–S4). This PLE mediated hydrolysis of TCF-OAc and
TCF-OBu to TCF-OH was further confirmed by high
resolution mass spectrometry (HRMS), Tables S2–S4, Figur-
es S3 and S4. As shown in Figure 1, a dose-dependent increase
in fluorescence intensity were observed for TCF-OAc and
TCF-OBu with the addition of PLE (0–0.4 U/mL). Interest-
ingly, TCF-OBu was found to have the greatest sensitivity
with a limit of detection (LOD) of 0.45 mU/mL compared to
TCF-OAc with a LOD of 1.18 mU/mL (Figures 1C and 1D,
Tables S5 and S6). Kinetics of both TCF-OAc and TCF-OBu
towards PLE were determined using the spectroscopic data
and the Michaelis-Menten equation. This revealed a Km of
7.21�0.74 μM and a Vmax of 1333�73.64 min� 1 for TCF-
OAc, and a Km of 27.51�2.602 μM and a Vmax of 15196�
1118 min� 1 for TCF-OBu, indicating a greater affinity of PLE
towards TCF-OAc over TCF-OBu (Figure S9–S12 and

Scheme 1. Colorimetric and fluorescent TCF-based probes, TCF-OAc and TCF-OBu, for the detection of bacteria.
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Tables S5–S9). This is reflected in the selectivity when both
probes were screened against other enzymes and biological
analytes (Figure S13–S15).

Upon determining the enzyme-responsive nature of both
TCF-OAc and TCF-OBu, their ability to detect pathogenic
bacteria was evaluated (Figure 2). In this study, three common
bacterial pathogens: S. aureus, E. coli, and P. aeruginosa were
used, which include clinical and commercial strains (Ta-
ble S1). Each bacterial isolate was grown in tryptic soy broth
(TSB) for 24 h at 37 °C, standardised to c. 108 CFU/mL,
centrifuged, and resuspended in phosphate buffered saline
(PBS with 10% DMSO, pH 7.4) containing TCF-OAc/TCF-
OBu (10 μM). After 1 h incubation of TCF-OAc with gram-
positive S. aureus MRSA252 and NCTC 10788, significant
increases in fluorescence intensity was observed (One-way
ANOVA, p<0.0001 for both; 11- and 16-fold, respectively).
This increase in fluorescence intensity was approximately 2-
fold higher than TCF-OBu when incubated with the same
bacterial isolates (6- and 9-fold, respectively). Conversely,
TCF-OBu was found to be more selective towards gram-
negative P. aeruginosa PAO1 and P885 with a 22-fold increase
in fluorescence intensity seen for both strains (One-way
ANOVA, p<0.0001 for both). This response was approx-
imately 4-fold higher than TCF-OAc when incubated with the

same strains (6- and 4-fold, respectively). Interestingly, E. coli
DH5α and NSM59 elicited a response comparable to the
negative control for both TCF-OAc and TCF-OBu. To ensure
that each probe had no influence on the viability of the
bacteria, toxicity studies were performed. As shown in
Figures S16 and S17, the bacterial cell density remained stable
upon incubation and no clinically significant decrease in
bacterial cell counts were observed for both TCF-OAc and
TCF-OBu (t-test; p<0.05); demonstrating the suitability of
these probes for diagnostic applications. We believe the
selectivity observed could be due to a number of factors
including slow cellular uptake, difference in enzyme/bacteria
recognition, and local environmental conditions (i.e. pH and
PBS), although more research is needed to identify the exact
reason for these selectivity differences. However, the current
results illustrate that subtle changes in the ester chain length
has a significant impact on the bacterial selectivity of the
fluorescent probes under these conditions. This finding is of
particular significance as developing a fluorescent probe that
is selective for a particular bacterial species could aid
diagnosis and enable the rapid provision of appropriate
antibiotic treatments, which should minimalize the potential
for the development of drug resistant bacteria.

Figure 1. Fluorescence spectra of a) TCF-OAc (10 μM) and b) TCF-OBu (10 μM) with the addition of PLE (0–0.4 U/mL). Relative fluorescence
intensity of c) TCF-OAc and d) TCF-OBu with the addition of PLE (0–0.4 U/mL) at 606 nm, error bars indicate the standard deviation. The
measurements were made 15 min after PLE addition in PBS buffer, 10% DMSO pH=7.4 at 25 °C, λex=542 (bandwidth 15) nm.
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In conclusion, we have synthesised and evaluated two
fluorescent probes, TCF-OAc and the novel TCF-OBu for
evaluation against bacterial pathogens. Both TCF-OAc and
TCF-OBu were shown to have a clear concentration-depend-
ent fluorescence increase and an obvious colour change from
yellow to purple in the presence of PLE model. TCF-OBu
demonstrated a lower limit of detection compared to TCF-
OAc (1.13 and 0.45 mU/mL, respectively), whereas, TCF-
OAc displayed an enhanced selectivity towards esterases.
TCF-OAc displayed the greatest selectivity towards S. aureus,
while TCF-OBu displayed an enhanced selectivity towards P.
aeruginosa. Interestingly, no effect was observed upon
incubation with E. coli. These results illustrate that subtle
changes to the ester chain length of ester-functionalised
fluorescent probes have a significant influence on their ability
to detect and distinguish pathogenic bacteria. We are currently
exploring these probes in hydrogel systems for the develop-
ment of smart wound dressings.

Acknowledgments

This work was supported in part by grant MR/N0137941/1 for
the GW4 BIOMED DTP, awarded to the Universities of Bath,
Bristol, Cardiff and Exeter from the Medical Research Council
(MRC)/UKRI. The authors thank the National Natural Science
Foundation of China (Nos. 21788102, 91853201, 21722801,
81673489 and 31871414), the Shanghai Municipal Science
and Technology Major Project (No. 2018SHZDZX03), the
International Cooperation Program of Shanghai Science and
Technology Committee (No. 17520750100) and the Funda-
mental Research Funds for the Central Universities

(222201717003) for financial support. LG and ATAJ would
like to thank Dr Maisem Laabei for his help in acquiring S.
aureus strains for testing. GW would like to thank the GCDC
at the University of Kent for funding. TDJ wishes to thank the
Royal Society for a Wolfson Research Merit Award and the
Open Research Fund of the School of Chemistry and Chemical
Engineering, Henan Normal University for support
(2020ZD01).

References

[1] J. F. Guest, N. Ayoub, T. McIlwraith, I. Uchegbu, A. Gerrish, D.
Weidlich, K. Vowden, P. Vowden, Bmj Open 2015, 5, DOI:
10.1136/bmjopen-2015-009283.

[2] a) P. G. Bowler, B. I. Duerden, D. G. Armstrong, Clin. Microbiol.
Rev. 2001, 14, 244; b) E. J. Baron, J. M. Miller, M. P. Weinstein,
S. S. Richter, P. H. Gilligan, R. B. Thomson, P. Bourbeau, K. C.
Carroll, S. C. Kehl, W. M. Dunne, B. Robinson-Dunn, J. D.
Schwartzman, K. C. Chapin, J. W. Snyder, B. A. Forbes, R. Patel,
J. E. Rosenblatt, B. S. Pritt, Clin. Infect. Dis. 2013, 57, E22–
E121.

[3] a) E. Haesler, T. Swanson, K. Ousey, K. Carville, J. Wound Care
2019, 28, S4–S12; b) M. Haalboom, M. H. E. Blokhuis-Arkes,
R. J. Beuk, R. Meerwaldt, R. Klont, M. J. Schijffelen, P. B.
Bowler, M. Burnet, E. Sigl, J. A. M. van der Palen, Clin. Micro-
biol. Infect. 2019, 25, DOI:10.1016/j.cmi.2018.08.012; c) Y.
Huang, Y. Cao, M. C. Zou, X. R. Luo, Y. Jiang, Y. M. Xue, F.
Gao, Int. J. Endocrinol. 2016, DOI:10.1155/2016/8198714.

[4] a) L. J. Stephens, M. V. Werrett, A. C. Sedgwick, S. D. Bull, P. C.
Andrews, Future Med. Chem. 2020, 12, 2035–2065; b) F.
Prestinaci, P. Pezzotti, A. Pantosti, Pathog. Global Health 2015,
109, 309–318.

Figure 2. Selectivity bar chart of TCF-OAc (10 μM) and TCF-OBu (10 μM) in PBS buffer, 10% DMSO, pH 7.4 after 1 h incubation with various
bacterial strains (108 CFU/mL) at 25 °C. λex=542 (bandwidth 15) nm. λem=606 nm. Error bars indicate standard deviation (n=3). Statistical
analysis conducted using a One-way ANOVA with Bonferroni post-hoc multiple comparison test (compared to the negative control). *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.

Communication

Isr. J. Chem. 2021, 61, 1–6 © 2021 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH. www.ijc.wiley-vch.de 4

These are not the final page numbers! ��

https://doi.org/10.1128/CMR.14.2.244-269.2001
https://doi.org/10.1128/CMR.14.2.244-269.2001
https://doi.org/10.4155/fmc-2020-0225
https://doi.org/10.1179/2047773215Y.0000000030
https://doi.org/10.1179/2047773215Y.0000000030
http://www.ijc.wiley-vch.de


[5] L. Varadi, J. L. Luo, D. E. Hibbs, J. D. Perry, R. J. Anderson, S.
Orenga, P. W. Groundwater, Chem. Soc. Rev. 2017, 46, 4818–
4832.

[6] a) E. Bar-Haim, S. Rotem, U. Elia, A. Bercovich-Kinori, M.
Israeli, I. Cohen-Gihon, O. Israeli, N. Erez, H. Achdout, A.
Zauberman, M. Aftalion, E. Mamroud, T. Chitlaru, O. Cohen,
Cells 2019, 8, DOI:10.3390/cells8090952; b) A. Farzan, R. M.
Friendship, C. E. Dewey, Epidemiol. Infect. 2007, 135, 238–244.

[7] a) S. Wei, E. B. M. Daliri, R. Chelliah, B. J. Park, J. S. Lim,
M. A. Baek, Y. S. Nam, K. H. Seo, Y. G. Jin, D. H. Oh, J. Food
Saf. 2019, 39, DOI: 10.1111/jfs.12558; b) O. Akkaya, H. I.
Guvenc, S. Yuksekkaya, A. Opus, A. Guzelant, M. Kaya, M. G.
Kurtoglu, N. Kaya, Clin. Lab. 2017, 63, 827–832; c) Y.
Yamamoto, Clin. Diagn. Lab. Immunol. 2002, 9, 508–514.

[8] a) Y. Y. Yang, V. Rajendran, V. Jayaraman, T. H. Wang, K. Bei,
K. Krishna, K. Rajasekaran, J. J. Rajasekaran, H. Krishnamurthy,
Gut Pathog. 2019, 11, 51; b) B. Y. Cao, R. R. Li, S. J. Xiong,
F. F. Yao, X. Q. Liu, M. Wang, L. Feng, L. Wang, Appl. Environ.
Microbiol. 2011, 77, 8219–8225.

[9] M. Oviano, B. Rodriguez-Sanchez, M. Gomara, L. Alcala, E.
Zvezdanova, A. Ruiz, D. Velasco, M. J. Gude, E. Bouza, G. Bou,
Clin. Microbiol. Infect. 2018, 24, 624–629.

[10] a) H. H. Han, A. C. Sedgwick, Y. Shang, N. Li, T. T. Liu, B. H.
Li, K. Q. Yu, Y. Zang, J. T. Brewster, M. L. Odyniec, M. Weber,
S. D. Bull, J. Li, J. L. Sessler, T. D. James, X. P. He, H. Tian,
Chem. Sci. 2020, 11, 1107–1113; b) D. Wu, A. C. Sedgwick, T.
Gunnlaugsson, E. U. Akkaya, J. Yoon, T. D. James, Chem. Soc.
Rev. 2017, 46, 7105–7123; c) X. Chai, H.-H. Han, A. C.
Sedgwick, N. Li, Y. Zang, T. D. James, J. Zhang, X.-L. Hu, Y.
Yu, Y. Li, Y. Wang, J. Li, X.-P. He, H. Tian, J. Am. Chem. Soc.
2020, 142, 18005–18013; d) Z. Y. Jia, H. H. Han, A. C. Sedg-
wick, G. T. Williams, L. Gwynne, J. T. Brewster, S. D. Bull,
A. T. A. Jenkins, X. P. He, H. Schonherr, J. L. Sessler, T. D.
James, Front. Chem. 2020, 8, DOI:10.3389/fchem.2020.00389;
e) Z. Jia, L. Gwynne, A. C. Sedgwick, M. Müller, G. T. Williams,
A. T. A. Jenkins, T. D. James, H. Schönherr, ACS Appl. Bio
Mater. 2020, 3, 4398–4407.

[11] H. Derakhshandeh, S. S. Kashaf, F. Aghabaglou, I. O. Ghanavati,
A. Tamayol, Trends Biotechnol. 2018, 36, 1259–1274.

[12] L. Pala, T. Sirec, U. Spitz, Molecules 2020, 25.
[13] X. Zhang, C. H. Ren, F. Hu, Y. Gao, Z. Y. Wang, H. Q. Li, J. F.

Liu, B. Liu, C. H. Yang, Anal. Chem. 2020, 92, 5185–5190.
[14] J. D. Perry, A. L. James, K. A. Morris, M. Oliver, K. F. Chilvers,

R. H. Reed, F. K. Gould, J. Appl. Microbiol. 2006, 101, 977–985.
[15] D. Wildeboer, F. Jeganathan, R. G. Price, R. A. Abuknesha, Anal.

Biochem. 2009, 384, 321–328.
[16] a) K. R. Tallman, S. R. Levine, K. E. Beatty, ACS Chem. Biol.

2016, 11, 1810–1815; b) K. R. Tallman, K. E. Beatty, ChemBio-
Chem 2015, 16, 70–75.

[17] a) E. M. Larsen, R. J. Johnson, Drug Dev. Res. 2019, 80, 33–47;
b) A. Barandov, B. B. Badelle, C. G. Williamson, E. S. Loucks,
S. J. Lippard, A. Jasanoff, Nat. Commun. 2019, 10, 897; c) K.
Numasawa, K. Hanaoka, T. Ikeno, H. Echizen, T. Ishikawa, M.
Morimoto, T. Komatsu, T. Ueno, Y. Ikegaya, T. Nagano, Y.
Urano, Analyst 2020, 145, 7736–7740; d) K. Beaumont, R.
Webster, I. Gardner, K. Dack, Curr. Drug Metab. 2003, 4, 461–
485.

[18] Y. Q. Hao, Y. T. Zhang, K. H. Ruan, F. T. Meng, T. Li, J. S.
Guan, L. L. Du, P. Qu, M. T. Xu, Spectrochim. Acta Part A 2017,
184, 355–360.

[19] M. Ipuy, C. Billon, G. Micouin, J. Samarut, C. Andraud, Y.
Bretonniere, Org. Biomol. Chem. 2014, 12, 3641–3648.

[20] a) A. C. Sedgwick, H. H. Han, J. E. Gardiner, S. D. Bull, X. P.
He, T. D. James, Chem. Commun. 2017, 53, 12822–12825;
b) A. C. Sedgwick, J. E. Gardiner, G. Kim, M. Yevglevskis,
M. D. Lloyd, A. T. A. Jenkins, S. D. Bull, J. Yoon, T. D. James,
Chem. Commun. 2018, 54, 4786–4789; c) L. Gwynne, A. C.
Sedgwick, J. E. Gardiner, G. T. Williams, G. Kim, J. P. Lowe,
J. Y. Maillard, A. T. A. Jenkins, S. D. Bull, J. L. Sessler, J. Yoon,
T. D. James, Front. Chem. 2019, 7, 255.

Manuscript received: November 28, 2020
Revised manuscript received: January 11, 2021

Version of record online: ■■■, ■■■■

Communication

Isr. J. Chem. 2021, 61, 1–6 © 2021 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH. www.ijc.wiley-vch.de 5

These are not the final page numbers! ��

https://doi.org/10.1017/S0950268806006868
https://doi.org/10.1128/AEM.05914-11
https://doi.org/10.1128/AEM.05914-11
https://doi.org/10.1039/C9SC03961A
https://doi.org/10.1039/C7CS00240H
https://doi.org/10.1039/C7CS00240H
https://doi.org/10.1021/jacs.0c05379
https://doi.org/10.1021/jacs.0c05379
https://doi.org/10.1021/acsabm.0c00403
https://doi.org/10.1021/acsabm.0c00403
https://doi.org/10.1016/j.tibtech.2018.07.007
https://doi.org/10.1021/acs.analchem.9b05704
https://doi.org/10.1111/j.1365-2672.2006.03018.x
https://doi.org/10.1016/j.ab.2008.10.004
https://doi.org/10.1016/j.ab.2008.10.004
https://doi.org/10.1021/acschembio.6b00233
https://doi.org/10.1021/acschembio.6b00233
https://doi.org/10.1002/cbic.201402548
https://doi.org/10.1002/cbic.201402548
https://doi.org/10.1002/ddr.21468
https://doi.org/10.1039/D0AN01739F
https://doi.org/10.1016/j.saa.2017.04.041
https://doi.org/10.1016/j.saa.2017.04.041
https://doi.org/10.1039/C4OB00147H
https://doi.org/10.1039/C7CC07845E
https://doi.org/10.1039/C8CC01661E
http://www.ijc.wiley-vch.de


COMMUNICATION
L. Gwynne, Dr. G. T. Williams, K.-C.
Yan, Dr. J. E. Gardiner, K. L. F. Hilton,
B. L. Patenall, Dr. J. R. Hiscock,
Prof. J.-Y. Maillard, Prof. X.-P. He,
Prof. T. D. James*, Dr. A. C.
Sedgwick*, Prof. A. T. A. Jenkins*

1 – 6

The Evaluation of Ester Functional-
ised TCF-based Fluorescent Probes
for the Detection of Bacterial Species


