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ABSTRACT: The cationic conjugated poly[3-(3′-N,N,N-
triethylamino-1′-propyloxy)-4-methyl-2,5-thiophene hydro-
chloride] (PMNT) has been developed for high-throughput
screening of photodynamic antimicrobial chemotherapy
photosensitizers (PSs). The bacterial number can be detected
quantitatively by PMNT via various fluorescence quenching
efficiencies. The photosensitized inactivation of bacteria is not
efficient with ineffective PSs, and thus the bacteria grow
exponentially and can be coated tightly by PMNT through
electrostatic and hydrophobic interactions, resulting in
aggregates and fluorescence quenching of PMNT, whereas,
conversely, effective PSs lead to original and strong fluorescence of PMNT. This new platform of high-throughput screening is
promising for discovering new PSs.
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With the overuse of antibiotics in the past decades, the
antibiotic resistance of microorganisms is increasing and

has become a serious therapeutic problem.1,2 Thus, new
antimicrobial drugs and efficient therapy strategies for the
treatment of pathogenic infections are becoming extremely
important.3,4 Photodynamic antimicrobial chemotherapy
(PACT) can be effective in killing microbial cells with
resistance to antibiotics.5,6 Additionally, PACT can be designed
to target localized infections and offers little possibility to
produce photoresistant species.7,8 Because the behavior of
photosensitizers (PSs) is crucial for enhancing the efficiency of
PACT, accessing and finding suitable and efficient PSs have
been extensively explored.9 However, traditional methods for
photocytotoxicity screening of PS including agar well dilution
assay, agar spot assay, and a disk diffusion test require long
incubation time, which is usually over 20 h, and depend on the
stability of PSs,10−12 which is time-consuming and insensitive.
To improve the techniques of antimicrobial activity testing,
several sensitive and rapid strategies such as real-time principal-
component regression,13 flow cytometry,14 and adenosine
triphosphatase based measurements15 have been developed.
However, either expensive equipment and materials or
complicated operations limit their extensive application.16

High-throughput screening techniques exhibit high efficiency
and improved functionality relative to the traditional
methods.17 For example, a droplet-based microfluidic system
was reported recently to perform high-throughput screening of
PS activity by multiparameter assessment.18 Currently, more

simple and rapid high-throughput screening strategies of PS
activity in PACT are still in urgent need.9

Conjugated polymers (CPs) have been extensively explored
for chemical sensors and biosensors based on their excellent
light-harvesting and optical amplification.19−23 Water-soluble
CPs containing multivalent binding sites with microorganisms
have been applied for microbial pathogen detection.24−29

Recently, Wang and co-workers developed a fluorescence
resonance energy transfer based strategy for the rapid and high-
throughput screening of antibiotics by using cationic
conjugated polyfluorene (donor) and fluorescein (acceptor).30

Inspired by these systems, we describe here a new, rapid,
simple, and high-throughput method with only a single cationic
conjugated polythiophene derivative, poly[3-(3′-N,N,N-triethy-
lamino-1′-propyloxy)-4-methyl-2,5-thiophene hydrochloride]
(PMNT), to realize the screening of PS activity.
As illustrated in Scheme 1, the antimicrobial activity

assessment for PSs in PACT is based on the fluorescence
intensity changes of PMNT. In the presence of ineffective PSs,
the photosensitized inactivation of bacteria under irradiation is
not efficient. Therefore, the bacteria grow exponentially and
can be coated tightly by PMNT through electrostatic and
hydrophobic interactions between PMNT and negatively
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charged bacteria, resulting in the formation of aggregates and
the fluorescence quenching of PMNT. In the presence of
effective PSs, the bacteria can be efficiently killed in PACT and
the fluorescence of PMNT is not obviously affected, leading to
original and strong fluorescence of PMNT in the system. By
detection of the fluorescence intensity of PMNT, it is possible
to evaluate the antimicrobial activity and find new effective PSs
in PACT.
Figure 1a shows the fluorescence emission spectra of PMNT

in a 40% ethanol aqueous solution with the successive addition
of an Escherichia coli suspension. The emission of PMNT
([PMNT] = 100.0 μM in repeat units, RUs) was gradually
quenched with increasing colony forming units (Cfu) of E. coli.
The fluorescence quenching efficiencies (1 − I/I0) of PMNT in
the presence of various amounts of E. coli were evaluated as
well. As shown in Figure 1b, the plot of the emission quenching
efficiency versus the amount of E. coli can be applied as the
standard curve to quantitatively determine the E. coli amount.
The detection limit of E. coli is 3.0 × 105 Cfu, demonstrating
that water-soluble PMNT offers a fluorescence platform for
sensitive quantitative testing of the E. coli amount.
To directly visualize formation of the PMNT/E. coli complex,

the coating of PMNT to the surface of E. coli was checked by
fluorescence microscopy. As illustrated in Figure 1c,d, phase-
contrast and fluorescence microscopy images of the PMNT/E.
coli complex were studied; the E. coli cells were fluorescent with
incubation with PMNT, indicating the binding of PMNT with
the surface of E. coli. Furthermore, the ζ potentials provide
further evidence for interactions between E. coli and PMNT
(Table 1). The ζ potential of E. coli became more positive upon
incubation with PMNT at a concentration of 100.0 μM in RUs,
and overcompensation in the E. coli surface charge was
observed, demonstrating the tight coating and aggregation of
PMNT to the E. coli surface. These observations prove that
formation of the PMNT/E. coli complex through strong
electrostatic and hydrophobic interactions between PMNT and
E. coli lead to the aggregation and fluorescence quenching of
PMNT.

The PACT efficacy of six different PSs toward the antibiotic-
resistant E. coli was examined in a high-throughput fashion for
PS screening. A 96-well microplate was applied for the high-
throughput screening measured by the automatic microplate
reader. Figure 2a shows the schematic representation of the
high-throughput screening of PS activity in the fluorescence
pattern on a microplate corresponding to various PSs with

Scheme 1. (a) Schematic Representation of a PMNT-Based Platform for Screening of PACT PSs and (b) Chemical Structure of
PMNT

Figure 1. Fluorescence emission spectra and images of the PMNT/E.
coli complex. (a) Fluorescence emission spectra of PMNT in a 40%
ethanol aqueous solution with the successive addition of an E. coli
suspension. (b) Fluorescence quenching efficiencies of PMNT with
different amounts of E. coli. I0 and I represent the emission intensity of
PMNT before and after the addition of E. coli. The excitation
wavelength is 428 nm. The error bars show the standard deviations of
three separate experiments. (c) Phase-contrast image and (d)
fluorescence microscopy image of the PMNT/E. coli complex in
aqueous solution. The phase-contrast image was taken at 1 ms
exposure time, and the fluorescence microscopy image was taken at
1000 ms exposure time. The pseudocolor is yellow, and the types of
light filters are D470/20 nm exciter, 400 nm beamsplitter, and D605/
70 nm emitter. The magnification of the objective lens is 40×.
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different PACT efficacies. For the PS with high PACT efficacy,
the light-yellow fluorescent signal obtained from the direct
readout of the microplate reader is maintained. However, the
PS with low PACT efficacy causes a change from light yellow to
dark yellow. The photographs of E. coli after PACT treatments
with different PSs with one concentration of 5.0 μM in the
presence of PMNT ([PMNT] = 100 μM in RUs) under UV
light (λmax = 365 nm) were also checked. As shown in Figure
2b, an emission color of light yellow indicates efficient
photoinactivation of bacteria by PS, while a dark-yellow color
illustrates inefficient photoinactivation. For high-throughput
screening, an E. coli suspension was incubated with various PSs
in different concentrations in a microplate and then exposed to
an optical fiber of 90 mW cm−2 white light for 5 min (27 J
cm−2). Subsequently, E. coli was cultured at 37 °C for 4 h, and
then the bacterial pellet obtained by centrifugation was
suspended and added into the 40% ethanol aqueous solution
of PMNT ([PMNT] = 100 μM in RUs) in a 96-well microplate
for fluorescence measurement by an automatic microplate

reader. It is worth noting that ethanol is only present in the
detection of fluorescence, and the “mix-and-detect” approach to
assay bacteria leads to rapid detection, without an ethanol effect
on the growth of bacteria. Figure 2c shows a plot of the
fluorescence quenching efficiency of PMNT ([PMNT] = 100
μM in RUs) as a function of the PS concentration, and a curve
of the E. coli amount versus the PS concentration (Figure 2d)
can be obtained accordingly based on the standard curve for
quantitatively determining the E. coli amount, as shown in
Figure 1b. The six PSs can be divided into three types: highly
efficient (TMPyP, TBO, and MB), efficient (TMP), and
inefficient (HP and PC). TMPyP is superefficient in killing E.
coli cells with white-light irradiation. The E. coli suspension after
treatment with TMPyP ([TMPyP] > 3.0 μM) in PACT caused
no fluorescence quenching (quenching efficiency = 0.0%) when
added into the solution of PMNT for fluorescence measure-
ment, illustrating the complete killing of E. coli cells. However,
negatively charged PSs of HP and PC cannot lead to efficient
reduction of the cell viability in PACT, demonstrating that
electrostatic repulsion between anionic PS and the surface of E.
coli leads to less adsorption of PS to E. coli.
In summary, we have developed a CP-based platform for the

high-throughput screening of PACT PSs. This new strategy has
three significant characteristics. First, the single self-luminous
PMNT molecules can simply be used to quantitatively measure
the amounts of bacteria in high sensitivity only via various
fluorescence quenching efficiencies in the presence of bacteria.
Second, no expensive materials and instruments were required,
leading to the low cost of our method (∼$1.0 for one high-
throughput screening of six PSs). Third, the high-throughput
screening of PACT efficacy only takes 4.5 h to complete the
assay including incubation, irradiation, culture, and detection.
This new platform is efficient and promising for discovering
new kinds of PACT PSs.
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Table 1. ζ Potentials and Average Hydrodynamic Diameter
of PMNT, E. coli, and PMNT/E. coli in a 40% Ethanol
Aqueous Solution Checked by Dynamic Light Scattering
Measurements ([PMNT] = 100.0 μM in RUs; [E. coli] = 3.42
× 106 Cfu mL−1)

ζ potential (mV) diameter (nm)

PMNT 18.5 ± 3.4 138.0 ± 5.9
E. coli −20.1 ± 6.2 523.4 ± 10.4
PMNT/E. coli 40.7 ± 2.8 780.3 ± 70.4

Figure 2. (a) Scheme of the high-throughput screening of PS activity
in the fluorescence pattern on a microplate corresponding to various
PSs with different PACT efficacies. 1−8 represent PS with increasing
concentration, and the vertical axis represents different PSs with
increasing PACT efficacy. Light- and dark-yellow wells represent
efficient and inefficient photoinactivation of bacteria. (b) Photographs
of E. coli after PACT treatments with different PSs in the presence of
PMNT under UV light (λmax = 365 nm). [PMNT] = 100 μM in RUs;
[PS] = 5.0 μM. (c) Plot of the fluorescence quenching efficiency of
PMNT as a function of the PS concentration. [PMNT] = 100 μM in
RUs. The excitation wavelength is 428 nm. The measurements were
performed in a 40% ethanol aqueous solution. The error bars show the
standard deviations of three separate experiments. (d) Plot of the E.
coli amount versus the PS concentration. See the Supporting
Information for definitions of PS abbreviations. The error bars show
the standard deviations of three separate experiments.
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