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separation of Gram-positive and
Gram-negative bacteria using polythiophene
derivatives with phosphonium groups

Hibiki Ogura, Rui Kuroda, Nobuyuki Kanzawa, Takashi Hayashita,
Masahiro Yoshizawa-Fujita, Masahiro Rikukawa and Yuko Takeoka
Water-soluble poly[3-(4-trimethylphosphinobutyl)thiophene

bromide] (PTB), which has a phosphonium group at the end of its side

chain and selectively recognizes and separates Gram-positive

bacteria, was synthesized. Modifying its terminal group with an ethyl

substitution greatly altered the bacterial response, notably causing

abnormal fibrosis in Gram-negative E. coli.
Bacterial detection is of great importance from the perspective
of disease diagnosis and public health. Although the effective-
ness of antibiotics in treating bacterial infections is widely
recognized, the increase in drug-resistant bacteria, due to their
misuse and overuse, is a worldwide problem. Prophylactic
antibiotic therapy is oen implemented, but the use of antibi-
otics against a wide range of pathogens carries the risk of
promoting the emergence of resistant strains.1,2 Therefore, early
identication of pathogens and targeted antimicrobial therapy
are extremely important. The predominant bacterial detection
methods currently in use, such as Gram staining, culture,
turbidimetric, and PCR methods, have limitations such as long
detection times and the requirement for special equipment.3–5

Accordingly, the development of innovative sensing strategies
capable of achieving rapid, facile, and precise bacterial identi-
cation has become increasingly imperative. Among the various
candidates explored for biosensing applications, p-conjugated
polymers, particularly polythiophene derivatives, have attracted
considerable attention due to their intrinsic properties such as
high electrical conductivity, optical responsiveness, and self-
assembling behavior.6–10 These characteristics can be nely
modulated via molecular design, rendering them highly suit-
able for the development of advanced platforms.11–14 Normally,
polythiophene derivatives are insoluble in water. However,
water-solubility can be achieved by modifying the side chain to
a cationic group. A study by Ren et al. revealed that poly-
thiophenes with quaternary ammonium groups exhibit
nces, Sophia University, 7-1 Kioi-cho,
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selective antibacterial activity against Gram-positive bacteria by
inhibiting their growth.15 It has been suggested that this prop-
erty can be used to discriminate between Gram-positive and
Gram-negative bacteria. Jiao et al. reported that quaternary
ammonium compounds (QACs) have antimicrobial activity that
acts on bacterial cell membranes and kill bacteria by causing
membrane disruption and altered permeability.16 However, it
has been observed that long-term use of QACs can result in the
development of bacterial resistance.16 Therefore, if a method to
discriminate between Gram-positive and Gram-negative
bacteria without damaging the bacteria is established, it can
be expected to reduce the risk of resistant bacteria and be
applied as a new bacterial detection technology.

In this study, we aimed to detect and separate Gram-positive
and Gram-negative bacteria using polythiophene with a phos-
phonium group, poly[3-(4-trimethyl phosphinobutyl)thiophene
bromide] (PTB). p-Conjugated polymers can easily detect high
molecular weight phosphoric compounds such as DNA and
RNA and are expected to enable bacterial detection without
bactericidal effects, due to their low cytotoxicity.17,18 While
Gram-positive bacteria have a thick cell wall with phosphate
compounds, teichoic acid and lipoteichoic acid, on their
surface,19 Gram-negative bacteria have a thin cell wall covered
by an outer membrane.20 By using phosphonium poly-
thiophenes, differences in phosphoric groups of the cell walls of
Gram-positive and Gram-negative bacteria could be detected.
We also investigated the effect of the phosphonium structure on
the detection of bacteria and separate Gram-positive and
-negative bacteria under co-culture conditions.

As a precursor polymer of PTB, poly(3-(4-bromobutyl)thio-
phene), PBBT, was synthesized from 2,5-dibromo-3-(4-
bromobutyl)thiophene by the catalyst transfer condensation
method (see the SI). The degree of polymerization (n) of PBBT
was determined to be 11 by gel permeation chromatography.
Water-soluble PTB was obtained aer reacting PBBT with tri-
methylphosphite. As a series, poly[3-(4-triethylphosphinobutyl)
thiophene bromide] (Et-PTB) and poly[3-(4-tri-
phenylphosphinobutyl)thiophene bromide] (Ph-PTB) were
Anal. Methods
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obtained from PBBT with the same n value (n = 11). The
phosphonium conversion ratios of PTB, Et-PTB, and Ph-PTB
were in the range of 95–99%, as determined by 1H NMR. Gram-
positive, Staphylococcus aureus and Bacillus subtilis, and Gram-
negative bacteria, Escherichia coli and Pseudomonas aeruginosa,
were used. Luria broth (LB) medium and a suspension of each
bacterium were added to individual tubes and adjusted to
a nal concentration of 1.0 × 104 cells mL−1. The cultures were
shaken (37 °C, 180 rpm) following the addition of a Tris–HCl
buffer solution containing individual phosphonium polymers
(1.0 g L−1). The optical density at 600 nm (OD600) was measured
as a function of time using a UV-Visible spectrophotometer.

Fig. 1 shows the growth curves of (a) S. aureus, (b) B. subtilis,
(c) E. coli, and (d) P. aeruginosa versus incubation time. All
bacterial concentrations at the start of the culture were equal-
ized to 1.0× 104 cells mL−1. In the absence of PTB, OD600 values
for all bacteria began to increase aer 5 h of culture and
exceeded 1.5 aer 24 h. In the presence of PTB, the growth curve
characteristics varied depending on the type of bacteria. With
PTB for (a) S. aureus and (b) B. subtilis, the OD600 values
remained at 0.0 over 24 h. In contrast, the growth curves of (c) E.
coli and (d) P. aeruginosa were indistinguishable in the absence
and presence of PTB, indicating that PTB did not affect their
growth. It can be deduced that the outer membrane of Gram-
negative bacteria prevented PTB uptake and penetration, and
thus PTB had no effect on the bacteria.21,22 These observations
indicate that PTB recognizes differences in bacterial surface
structures and exhibits antibacterial activity only against Gram-
positive bacteria. This phenomenon results from interactions
between anionic compounds on the bacterial surface and
cationic side chains, causing changes in surface charge.15

Because Gram-positive bacteria show a greater shi in zeta
potential than Gram-negative bacteria, surface charge appears
to inuence bacterial adsorption. Because teichoic and lip-
oteichoic acids are abundant and directly exposed on the
Fig. 1 Growth curves of (a) S. aureus, (b) B. subtilis, (c) E. coli, and (d) P.
aeruginosa in the absence and presence of PTB.

Anal. Methods
surface of Gram-positive bacteria, whereas these anionic groups
are shielded by an outer membrane in Gram-negative bacteria,
surface charge density is most likely the primary determinant of
selective recognition. The antibacterial properties of PTB were
assessed using the disk diffusion method. This assay revealed
no zone of inhibition for any of the tested Gram-positive or
Gram-negative bacteria, thus demonstrating the non-
bactericidal nature of PTB. We have done similar experiments
on a PBBT derivative bearing an ammonium end group, and no
clear difference was observed between Gram-positive and Gram-
negative bacteria, indicating that antimicrobial activity is
dependent on the cation species (Fig. S10).

To investigate the relationship between bacterial concen-
tration and PTB, cultures with different initial bacterial
concentrations were conducted. Fig. 2(a) shows the growth
curves of S. aureus (1.0 × 104, 1.0 × 106, and 1.0 × 108 cells
mL−1) in the presence of 1.0 g L−1 PTB. The concentration of S.
aureus without PTB was 1.0 × 104 cells mL−1. While S4/PTB (1.0
× 104 cells mL−1 of S. aureus with PTB) showed no increase in
turbidity during the 24 h incubation, the OD600 value of S6/PTB
and S8/PTB increased and the values at 24 h were dependent on
the initial concentration of the bacterial suspension. This
indicates that PTB did not fully suppress growth under the S6
and S8 conditions, and the molar amount (3.3 × 106 mol g−1) of
phosphonium groups of PTB used was not sufficient to
completely suppress S. aureus growth at concentrations greater
than 1.0 × 106 cells mL−1. To investigate the reason for the
concentration dependence on turbidity, uorescence measure-
ments and uorescence microscope observation were per-
formed aer 24 h of incubation. Fig. 2(b) shows the
uorescence spectra of S4/PTB, S6/PTB, and S8/PTB samples
aer 24 h of incubation. Here, the excitation wavelength was set
to 410 nm, which is the maximum absorption wavelength of
PTB. S4/PTB showed higher uorescence around 500 nm, which
originated from free PTB that remained in the solution. The
uorescence intensity decreased and the peak shied to
a longer wavelength as the initial bacterial concentration
increased. Differences in uorescence were observed, suggest-
ing alterations in the state of PTB and indicating that less PTB
was dissolved in the S6/PTB and S8/PTB solutions. The critical
suspension concentration at which S. aureus growth could be
inhibited using PTB under these experimental conditions was
Fig. 2 (a) Growth curves and (b) fluorescence (lex = 410 nm) spectra
of S. aureus/PTB. Inset shows a photo of S4, S6, and S8/PTB solutions
under UV light irradiation. Sm indicates that the concentration of S.
aureus is 1.0 × 10m cells mL−1.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Fluorescence microscope images of (a) the suspension con-
taining S. aureus and E. coli, (b) the precipitate, and (c) the supernatant
after centrifugation of (a).
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found to be between 1.0 × 104 and 1.0 × 106 cells mL−1.23 More
growth was observed at higher bacterial concentrations, sug-
gesting that PTB lacks overt bactericidal activity. Instead, it
appears that PTB inhibits the growth of bacteria, indicating that
it functions more as a bacteriostatic agent.

Fig. 3 shows uorescence microscope images and illustra-
tions of (a) S. aureus, (b) S4/PTB, and (c) S8/PTB aer 24 h of
incubation. As shown in Fig. 3(a), in the absence of PTB, S.
aureus was dispersed. In contrast, the S4/PTB condition
exhibited large uorescent aggregates (red regions) of around
several tens of microns. Under the S8/PTB condition, dispersed
bacteria were observed, with each particle showing PTB uo-
rescence (red regions). These phenomena can be explained by
the illustration in Fig. 3. When there are more PTB molecules
per bacterium, PTB behaves as a glue to connect S. aureus to
form large aggregates. By increasing the initial concentration of
S. aureus, the number of PTB molecules per S. aureus decreases
and bacterial dispersion with low PTB was observed as uo-
rescence particles. The results of the zeta potential support this
estimation. The zeta potential is −28 mV for PTB, suggesting
that the negative charges of the phosphate groups repel each
other and are dispersed. The zeta potential was −27 mV for S8/
PTB. In this system, since there are fewer PTB molecules per
bacterium, the very small amount of negative charge is
compensated for by the interaction of PTB and S. aureus, and
the bacteria are thought to be dispersed by repulsion of negative
charges. On the other hand, the zeta potential of S4/PTB is
−7 mV, which is smaller than that of S. aureus alone and S8/
PTB. This means that the negative charges of the bacterium are
canceled, and the bacteria are thought to attract each other,
forming large aggregates. In the case of S4/PTB, PTB exerts its
antimicrobial action by aggregating a small number of bacteria.
In the S4/PTB system, PTB may inhibit the survival and growth
of bacteria by causing them to strongly attract each other and
form large aggregates. Therefore, the antimicrobial mechanism
of PTB is thought to involve not only changes in the surface
charge of bacteria but also aggregation of bacteria and inhibi-
tion of bacterial growth under certain conditions.

By utilizing the specic aggregation properties of PTB
against Gram-positive bacteria, we attempted to separate Gram-
Fig. 3 Fluorescence microscope images and illustration of (a) S.
aureus, (b) S4/PTB and (c) S8/PTB after 24 h of incubation.

This journal is © The Royal Society of Chemistry 2025
positive bacteria from a mixture of Gram-positive and Gram-
negative bacteria. Aer 10 h of cultivation, the mixture con-
taining S. aureus and E. coli was subjected to centrifugation.
Fig. 4 shows uorescence microscopy images of (a) the
suspension before centrifugation, (b) the precipitate, and (c) the
supernatant aer centrifugation. In Fig. 4(a), aggregated
bacteria were observed among many dispersed bacteria. The
aggregates emitted uorescence, indicating that the presence of
PTB. S. aureus was aggregated by PTB, and its growth was
inhibited. On the other hand, E. coli grew without the formation
of aggregates. In Fig. 4(b), aggregated bacteria were observed,
suggesting that they were S. aureus aggregated by PTB. In
Fig. 4(c), only dispersed bacteria were observed, suggesting the
presence of E. coli. Thus, it was possible to separate the mixed S.
aureus and E. coli by using PTB. PTB acts specically on S.
aureus, changing its surface charge and causing bacterial
aggregation. On the other hand, PTB has little effect on E. coli,
which remains dispersed, allowing effective separation of the
two bacteria by centrifugation. Such selective agglutination of
PTB may be useful in the development of bacterial identica-
tion and separation techniques.

To investigate the effect of the phosphonium structure of
polythiophenes on bacterial recognition, 1.0× 104 cells mL−1 of
S. aureus were incubated with Et-PTB and Ph-PTB, which are
similar to PTB. Fig. 5 shows OD600 aer 24 h of culture of S.
aureuswith added PTB, Et-PTB, and Ph-PTB. For S. aureus alone,
OD600 reached almost 2.0. Meanwhile, in the other samples, the
OD600 differed depending on the phosphonium polythiophenes
added. An OD600 of about 0.0 was observed for PTB and Et-PTB,
and about 0.3 for Ph-PTB. The results suggest that the strength
of antimicrobial activity against S. aureus varies depending on
Fig. 5 OD600 after 24 h of incubation of S. aureuswith added PTB, Et-
PTB, or Ph-PTB.
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Fig. 6 Fluorescence microscope images of (a) E. coli, (b) E. coliw/PTB
and (c) E. coli w/Et-PTB after 24 h of incubation. (d) Enlarged fluo-
rescence microscope image and (e) clairvoyance image of (c). (f)
Overlaid image of (d) and (e).
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the structure of the phosphonium group. In the comparison of
PTB, Et-PTB, and Ph-PTB, it was observed that the less bulky the
electrostatic interaction with the bacteria, the greater the anti-
microbial activity exhibited. This suggests that the size of the
substituents around the phosphonium groups is an important
factor that affects the antimicrobial effect against S. aureus.

As mentioned above, PTB showed no effect on the growth on
E. coli; however, Et-PTB had a notable effect on E. coli
morphology. Fig. 6 shows the uorescence microscopy images
of (a) E. coli, (b) E. coli w/PTB, and (c) E. coli w/Et-PTB aer 24 h
of incubation (the initial concentration of bacteria was 1.0 ×

104 cells mL−1). In (a) and (b), E. coli was observed to grow and
disperse normally. On the other hand, in (c), brosis was
induced in E. coli by the addition of Et-PTB. Fibrosis of E. coli is
caused by inhibition of DNA replication and peptidoglycan
synthesis due to stress factors such as the presence of antibi-
otics, environmental changes, nutrient deciency, etc.24,25 Since
PTB contains trimethyl phosphonium groups and Et-PTB has
triethyl phosphonium groups, the hydrophilic/hydrophobic
balance on the bacterial surface in the presence of Et-PTB is
altered; thus, the action of PTB or Et-PTB on E. coli differs. The
hydrophobicity of Et-PTB may have been a stress factor for E.
coli. In (d)–(f), we can observe uorescent Et-PTB along the
brous E. coli. This indicates that a micron scale interaction
between Et-PTB and the surface anionic part of E. coli induces
a macroscopic morphological change. Existing materials oen
either lack selectivity by acting on both Gram-positive and
Gram-negative bacteria, or they require the conjugation of an
antibiotic to achieve selectivity, which introduces the risk of
antimicrobial resistance.26,27 In contrast, our results proved the
advantages of PTB against selectivity, a non-destructive mech-
anism, and dual functionality for detection and separation.

In summary, the polythiophene with a phosphonium group
showed inhibition of Gram-positive bacteria but had no effect
on Gram-negative bacteria. It is possible to discriminate
between bacteria without killing them. In a mixed culture, PTB
selectively agglutinated S. aureus, allowing its separation from
E. coli by centrifugation. The interaction between the polymers
Anal. Methods
and bacteria was dependent on the phosphonium structure.
Notably, Et-PTB induced brosis of E. coli, potentially having
utility in the production of biolms. Further investigation of the
mechanism of Et-PTB is now underway.

Conflicts of interest

There are no conicts to declare.

Data availability

The supporting data has been provided as part of the Supple-
mentary information (SI). Supplementary information:
synthetic procedures of monomers and polymers, elemental
analysis of compounds, and other experimental data. See DOI:
https://doi.org/10.1039/d5ay01570g.

Notes and references

1 P. Askari, M. H. Namaei, K. Ghazvini and M. Hosseini, BMC
Pharmacol. Toxicol., 2021, 22, 42.

2 S. Zhu, X. Wang, Y. Yang, H. Bai, Q. Cui, H. Sun, L. Li and
S. Wang, Chem. Mater., 2018, 30, 3244.

3 S. R. Vartoukian, R. M. Palmer and W. G. Wade, FEMS
Microbiol. Lett., 2010, 309, 1.

4 A. Mikagi, Y. Takahashi, N. Kanzawa, Y. Suzuki, Y. Tsuchido,
T. Hashimoto and T. Hayashita, Molecules, 2023, 28, 4.

5 H.-J. Kim, H.-J. Lee, K.-H. Lee and J.-C. Cho, Food Control,
2012, 23, 491.

6 Q. Li, Y. Li, L. Ding, X. Li, J. Ma, T. Minami and S. Sang,
Microchemical J., 2025, 215, 114484.

7 I. Abdel Aziz, G. Tullii, M. R. Antognazza and M. Criado-
Gonzalez, Mater. Horiz., 2025, 12, 5570.

8 S. M. Tawk, M. Sharipov, M. R. Elmasry, S. Azizov,
D.-H. Kim, A. Turaev, Y.-I. Lee and H. Eui Jeong,
Microchemical J., 2024, 207, 111947.

9 A. K. Nandi, Langmuir, 2024, 40, 9385.
10 B. Mohan, Y. Sasaki and T. Minami, Smart Molecules, 2024, 2,

e20240001.
11 K. Sugiyasu, C. Song and T. M. Swager,Macromolecules, 2006,

39, 5598.
12 M. Leclerc and K. Faid, Adv. Mater., 1997, 9, 1087.
13 T. Hirahara, M. Yoshizawa-Fujita, Y. Takeoka and

M. Rikukawa, Chirality, 2018, 30, 699.
14 Y. Takeoka, F. Saito and M. Rikukawa, Langmuir, 2013, 29,

8718.
15 X. Ren, J. Hao, L. L. Guo, G. Sathishkumar and L. Q. Xu,

Polym. Bull., 2022, 79, 2747.
16 Y. Jiao, L. N. Niu, S. Ma, J. Li, F. R. Tay and J. H. Chen, Prog.

Polym. Sci., 2017, 71, 53.
17 Y. Xue, H. Xiao and Y. Zhang, Int. J. Mol. Sci., 2015, 16, 3626.
18 S. Hladysh, A. Murmiliuk, J. Vohĺıdal, D. Havĺıcek,
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