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Antimicrobial resistance is a growing threat to human health and agriculture. Sulfur-containing compounds

and elemental sulfur have a long history as antimicrobials, but challenges related to solubility have limited

their use. Recent advances in sulfur polymer chemistry have enabled the development of novel sulfur-rich

materials with antimicrobial activity. However, most of thesematerials are water-insoluble, limiting their use

in medicine and crop protection. Here, we report the synthesis of a linear poly(trisulfide) via photochemical

ring-opening polymerization of a cyclic trisulfide monomer bearing a carboxylic acid. Deprotonation of the

carboxylic acid renders the poly(trisulfide) water soluble, with concomitant chain scission via S–S cleavage.

The resulting poly(trisulfide) oligomers exhibited potent antifungal activity against Candida albicans (CAF

2.1, MIC90 < 8 mg mL−1; SAH 1.1, MIC90 = 128 mg mL−1) and Candida auris (SAH 2.1, MIC90 = 128 mg

mL−1). The poly(trisulfide) oligomers also exhibited antibacterial activity against Staphylococcus aureus

(USA300, MIC90 = 16 mg mL−1; SH1000, MIC50 < 32 mg mL−1). In control experiments, the monomer

alone had much lower antimicrobial activity against C. albicans and S. aureus. Toxicity assays of the

poly(trisulfide) oligomer revealed it was not harmful to mammalian cells at these concentrations. The

findings are a new direction for biological applications of sulfur polymers and a new strategy to support

the battle against antimicrobial resistance.
Introduction

Antibacterial1,2 and antifungal3–6 resistance is a growing threat
to human health and agriculture.7 To overcome these chal-
lenges in healthcare and food production, novel classes of
antimicrobials and new modes of action are urgently
required.1–6 Elemental sulfur has a long history as an antimi-
crobial in human medicine8–11 and crop protection.12,13 Like-
wise, organic polysulfanes14 such as the trisuldes found in
plants of the Allium genus and other natural systems have been
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explored as antimicrobials.15–17 The activity of these sulfur-
based treatments are a consequence of the diverse chemistry
of sulfur and the S–S bond, including complex redox processes,
reactions with enzymes, and generation of hydrogen sulde and
other bioactive metabolites.12,16 The success of sulfur-derived
antimicrobials notwithstanding, there remain challenges in
the formulation of water-insoluble inorganic sulfur12 and the
complications associated with mixtures of volatile and
malodorous polysuldes, such as those produced in alliums.17

One recent approach to making new and more readily
processible formulations of sulfur-derived antimicrobials has
been to make polymers from elemental sulfur.18–20 This
approach has been driven by the widespread access to such
polymers, made possible by invention of inverse vulcanization
and related copolymerizations of elemental sulfur.21,22 The
biological applications of these polymers are relatively new, but
growing rapidly and include biodegradable fertilizers23–26 and
antimicrobial surfaces,18–20,27 powders,28 coatings,29 adhesives,30

plastic additives,31 and nanocomposites.32 In these applications,
the antimicrobial activity is encouraging but water insolubility
makes precise formulation and dosing challenging for medical
and agricultural applications. A notable exception is a recent
report by Hasell and co-workers that showed a water soluble
polymer made from sulfur and 1-allyl-3-vinylimidazolium
Chem. Sci., 2026, 17, 11017–11026 | 11017

http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc09816e&domain=pdf&date_stamp=2026-06-05
http://orcid.org/0000-0001-6654-0825
http://orcid.org/0000-0003-1084-1287
http://orcid.org/0000-0001-9690-7288
http://orcid.org/0000-0003-1061-2441
http://orcid.org/0000-0003-0179-8977
http://orcid.org/0000-0003-4736-0604
http://orcid.org/0000-0002-7504-5508
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc09816e
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC017022


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 2
:5

2:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
chloride inhibited growth of S. aureus.33 Additionally, while
there are a few reports of water-soluble polymers made by
inverse vulcanization and related polymerizations,33–37 there is
a need for more general and controlled methods for their
synthesis.

In this paper, we report a photochemical ring-opening
polymerization of a well-dened cyclic trisulde bearing
a carboxylic acid. The polymerization provides a poly(trisulde)
with well-dened structural units, and water solubility when the
carboxylic acid is deprotonated. In the deprotonation, the base
also causes chain scission through cleavage of S–S bonds. The
resulting oligomers are the bioactive species investigated in this
study.

The photo-polymerization method and its mechanism were
recently reported as part of a larger effort to make a recyclable,
water-insoluble gold sorbent.38,39 Here we show the method is
applicable to the synthesis of a poly(trisulde), that—when
activated with base—generates water-soluble poly(trisulde)
oligomers that are effective growth inhibitors of the fungus
Candida spp. and Gram-positive bacterium S. aureus. Interest-
ingly, the monomer has a far lower activity against these path-
ogens. Encouragingly, the 50% cytotoxic concentration (CC50)
values against the human hepatocellular carcinoma cell line
(HepG2) were greater than theMICs against Candida spp. and S.
aureus and caused no hemolysis of mammalian red blood cells
at any concentration tested. This is an encouraging result that
suggests selective anti-microbial action when applied between 8
and 128 mg mL−1, and no toxicity to liver and red blood cells at
these concentrations. Overall, our approach provides a new
pathway for antimicrobial development of sulfur-rich poly(-
trisulde) polymers.

Results and discussion
Monomer and polymer synthesis

Monomer 1 was rst synthesized by the reaction of exo-5-
norbornenecarboxylic acid with sulfur in the presence of
a [Ni(NH3)6]Cl2 catalyst (Fig. 1a).35,40 The addition of sulfur
occurred on the exo face, providing the cyclic trisulde in 77%
yield. The stereochemistry of 1 was conrmed by X-ray crystal-
lography.35 To make poly-1, we used a continuous ow photo-
polymerization recently reported by our team.38,39 In this
process, a 1.0 M solution of the monomer was pumped through
the photoreactor with irradiation provided by LEDs (365 nm
wavelength) and a residence time of 1.6 minutes (Fig. 1b). The
reaction mixture was then collected and the solvent removed.
The polymer was puried by redissolving the mixture in THF
and then selectively precipitating with chloroform. Excess
monomer remaining in solution could be recovered and re-used
to make more polymer. The yield of the polymer was typically
>90% based on recovered starting material. Under these
conditions the weight average molecular weight (MW) of poly-1
was 16 580 g mol−1 with a dispersity of Đ = 1.89, as assessed by
gel permeation chromatography (GPC) using THF as the eluent
(Fig. 1c). The infrared spectrum of poly-1 had the expected
carbonyl stretch at 1700 cm−1 (Fig. 1d). The Raman spectrum of
poly-1 also indicated the polymer was predominantly
11018 | Chem. Sci., 2026, 17, 11017–11026
a poly(trisulde), based on its signal at 489 cm−1 and compar-
ison to reference di, tri- and tetrasuldes (Fig. 1e and discussion
below). The 1H NMR spectrum of poly-1 exhibited broad signals
characteristic of a polymer structure (Fig. 1f). Several grams of
poly-1 have been made by this photopolymerization,38,39 with
good reproducibility (see SI page S17 for synthesis and charac-
terization across several batches).

Mechanistically, the polymerization is initiated by photo-
chemical cleavage of an S–S bond in the monomer. The
resulting diradical can then propagate by reaction with another
monomer, forming new S–S bonds in a ring-opening polymer-
ization. Our previous studies revealed that disuldes and
trisuldes are expected to form when the thiyl radical reacts, but
trisulde formation is favored kinetically when the perthiyl
radical reacts.38,39 A consequence of this selectivity is that the
polymer is predominately a poly(trisulde). Indeed, Raman
spectroscopy revealed the characteristic signal for linear
trisuldes at 490 cm−1 (Fig. 1e). An important aspect of the
photopolymerization is the use of ow chemistry and excess
monomer. The short residence time ensures photochemical
initiation, while reducing photochemical cleavage of the
trisuldes in the polymer.38,39 Excess monomer is required, as
this reversible polymerization is endergonic.38,39

Next, poly-1 was deprotonated by reaction with sodium
hydroxide (NaOH) to generate the sodium salt, poly-1-Na, which
was fully soluble in water (Fig. 2a and b). The water solubility of
poly-1-Na enabled quantication of nucleophilic end groups
using Ellman's reagent (SI pages S18 and S19). It was found that
poly-1-Na showed a signicant reaction with Ellman's reagent
and signicantly more than the cyclic trisulde, 1-Na. The
response was quantied using a calibration curve from the
reaction of glutathione and Ellman's reagent. On average, poly-
1-Na contains an apparent thiol content of ∼1%. We tentatively
attribute the reaction of Ellman's reagent and poly-1-Na to
nucleophilic end groups such as thiols or perthiols, but we
cannot rule out other nucleophilic species such as sulnates.
Higher oxidation species such as sulfonates may also be
formed, which would not be detectable in this assay. We also
cannot rule out the formation of cyclic polymers with no reac-
tive end groups.

Because of the potential lability of the trisulde groups, we
wanted to assess if the reaction with NaOH caused any depo-
lymerization or other S–S cleavage. We therefore converted poly-
1-Na back to poly-1 by the addition of hydrochloric acid (HCl).
Upon re-protonation, the precipitated product (poly-1*) was
collected by centrifugation. Interestingly, GPC analysis of poly-
1* in THF revealed a large decrease in MW (16 560 g mol−1 for
this batch of poly-1 to 2810 g mol−1 in the example shown in
Fig. 2d). The decrease in molecular weight was likely due to
cleavage of S–S bonds in the polymer backbone by the nucleo-
philic hydroxide ions, leading to smaller polymers, oligomers,
and even regenerated monomer. Such cleavage of S–S bonds is
known to occur in the presence of NaOH, which has been used
to deliberately depolymerize poly(disuldes).41 The positive
Ellman's test is also consistent with S–S cleavage and generation
of nucleophilic end groups such as thiols or perthiols.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc09816e


Fig. 1 (a) Reaction of sulfur and exo-5-norbornenecarboxylic acid to formmonomer 1. (b) Photochemical ring-opening polymerization provides
linear poly(trisulfide) poly-1. (c) GPC trace of poly-1 (THF). (d) Infrared spectra ofmonomer 1 and poly-1. (e) Raman spectra ofmonomer 1, poly-1,
nPr2S2, nPr2S3, and nPr2S4. (f)

1H NMR spectra of monomer 1 and poly-1 (THF-d8).
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Despite the reduction in molecular weight, Raman spectros-
copy of poly-1* indicated that major species were still oligomeric
poly(trisuldes) (Fig. 2c). 1H NMR spectroscopy could also
distinguish monomer and these oligomeric species in poly-1*
(Fig. 2e). To quantify the relative amounts of poly(trisulde)
compared to regenerated monomer in the mixture, a partial least
squares regression (PLSR) model was developed and applied (see
SI pages S26–S28 for PLSR model development). The analysis
predicted a poly(trisulde) content of 77 ± 6% and includes all
oligomers and shorter polymers linked by linear trisuldes, with
the remainder of the mixture comprised of regenerated mono-
mer 1. This analysis also conrms that some depolymerization
and formation of 1-Na occurs when poly-1 is reacted with NaOH.

Investigating this reaction further, we found that excess NaOH
(5 equivalents per repeating unit) caused rapid depolymerization
and regeneration of monomer 1 in a 61% isolated yield (with
identity of 1 conrmed by 1H NMR spectroscopy, melting point
and high-resolution mass spectrometry, SI pages S20 and S21). To
maintain the oligomeric structure and reduce the amount of reg-
enerated monomer, poly-1-Na was subsequently made by carefully
titrating in 1 equivalent of NaOH for each carboxylic acid in poly-1.
Interestingly, it was found when two separate samples of poly-1
with different molecular weights (MW = 25 580 g mol−1 andMW =

11 250 g mol−1) were treated with NaOH (1 equivalent for each
carboxylic acid), they converged to a similar molecular weight
distribution (SI page S22). In another unexpected result in our
studies of the chain scission in poly-1, we found that dissolving
poly-1 in DMSO caused rapid depolymerization, with monomer 1
isolated in 56% yield (SI pages S23 and S24). We intended to use
a DMSO solution of uncharged poly-1 in biological testing, but the
depolymerization prevented such tests. More generally, this result
highlights the reactivity of poly(trisuldes) and how base and
solvents can cleave S–S bonds and cause depolymerization.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Overall, these experiments indicated that poly-1-Na was still
a poly(trisulde), but its molecular weight was an order of
magnitude less than the originally synthesized poly-1. This is an
important caveat in analysis of the antimicrobial activity of poly-
1-Na, as it should be considered a dynamic and reactive system
of oligomers that may generate reactive intermediates respon-
sible for any bioactivity. (A summary of these outcomes and
characterization data are provided in the SI pages S29–S31).
Poly-1-Na was fully water-soluble which facilitated dosing in
antimicrobial assays. The deprotonated monomer (1-Na) was
also fully soluble in water and tested for antimicrobial activity
so that its activity could be compared to its oligomeric form—an
important control given the evidence for partial depolymeriza-
tion of poly-1-Na. Sodium polyacrylate was also used as a sulfur-
free control polymer bearing carboxylates.

Antimicrobial assays

Antimicrobial activity of poly-1-Na, 1-Na, and sodium poly-
acrylate was assessed against model fungal species (Candida
spp. and Cryptococcus spp.), Gram-positive bacteria (Staphylo-
coccus aureus and Streptococcus spp.), and Gram-negative
bacteria (Escherichia coli and Acinetobacter baumannii).
Aqueous solutions of poly-1-Na, 1-Na, and sodium polyacrylate
at several concentrations (0, 8, 16, 32, 64, 128, 256, and 512 mg
mL−1) were supplemented to cultures of each pathogen. All
cultures were then incubated at 37 °C for 20 hours except for C.
albicans (SAH 1.1), C. auris (SAH 2.1), C. gattii (SAH 3.1), and C.
neoformans (SAH 4.1), which required 48 hours of incubation to
achieve robust growth (optical density at 600 nm [OD600] =

>0.3). The OD600 was measured following incubation to deter-
mine the effect on total growth (Fig. 3). The derived MIC90 and
MIC50 values, representing a 90% and 50% reduction in growth,
Chem. Sci., 2026, 17, 11017–11026 | 11019
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Fig. 2 (a) Reaction of poly-1 with NaOH causes chain scission, and depolymerization. Product poly-1* (precipitated by the addition of HCl) is
a poly(trisulfide) oligomer. (b) Digital photos of water-insoluble poly-1, the water-soluble poly-1-Na and regenerated monomer, and the
insoluble poly-1* formed after addition of HCl. (c) Raman spectroscopy of monomer 1, poly-1, the mixture of the poly-1* oligomers and
regenerated monomer formed from reaction of NaOH, and purified poly-1* oligomers. The key signals include the 510 cm−1 of the cyclic
trisulfide in monomer 1 and the 489 cm−1 signal of the linear trisulfides present in poly-1 and the oligomeric poly(trisulfide) poly-1*. (d) GPC trace
providing evidence of depolymerization when poly-1 reacts with NaOH. (e) 1H NMR spectra of monomer 1, poly-1, the mixture of the poly-1*
oligomers and regenerated monomer formed from reaction of NaOH, and purified poly-1* oligomers. A signal unique to the poly(trisulfides) are
highlighted in blue (present in both poly-1 and poly-1*). A signal unique to the monomer 1 is highlighted in red.
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respectively, demonstrated inhibition by poly-1-Na and 1-Na at
512 mg mL−1 or less for all microbes, with the exception of C.
neoformans SAH 4.1 (1-Na only) and E. coli K12 (1-Na and poly-1-
Na). The most effective antimicrobial activity was observed in
the three Candida spp. studied here, all exhibiting MIC90 values
of 512 mg mL−1 or lower.

Antifungal activity

The antifungal activity was assessed against a reference strain of
C. albicans (CAF 2.1), as well as clinical isolates of C. albicans, C.
11020 | Chem. Sci., 2026, 17, 11017–11026
auris, C. gattii, and C. neoformans (Fig. 3a). These species are
human opportunistic pathogens, causing life threatening
infections in immunocompromised individuals.42–44 C. albicans,
C. auris, and C. neoformans represent three of the four highest-
priority fungal pathogens identied by the World Health
Organization, highlighting the urgent need for new therapeutic
strategies to combat these pathogens.45 Candida spp. is also
difficult to treat due to increased resistance to antifungal
drugs.43,46 Infections caused by Cryptococcal spp. result in >140
000 deaths annually, largely due to antifungal resistance and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Activity assays against (a) fungi, (b) Gram-positive bacteria, and (c) Gram-negative bacteria. Normalized absorbance of cultures at 600 nm,
in the presence of poly-1-Na, 1-Na, and sodium polyacrylate between 8 mg mL−1 and 512 mg mL−1 during a 20 hours incubation period at 37 °C.
C. albicans (SAH 1.1), C. auris (SAH 2.1), C. gattii (SAH 3.1), and C. neoformans (SAH 4.1) were incubated for 48 hours. Data points represent the
mean of three biological replicates (n = 3), and error bars indicate the standard error of the mean. The solid line corresponds to a non-linear
regression fit (inhibitor vs. response, variable slope) performed in GraphPad Prism. Black dotted lines indicate the MIC90 and MIC50.
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difficulty of treating infections in the central nervous system.47

It is therefore important to identify new antifungal agents to
combat these infections, and our motivation to assess poly-1-Na
for antifungal activity against these target fungal pathogens.

Poly-1-Na showed excellent growth inhibition of the refer-
ence strain C. albicans (CAF 2.1), with a MIC90 of <8 mg mL−1.
Interestingly, the deprotonated monomer (1-Na) was signi-
cantly less active than its oligomeric form, with a MIC90 of 256
mg mL−1. The sodium polyacrylate control had no effect on C.
albicans growth at any concentration tested. When poly-1-Na
was assessed using a clinical isolate of C. albicans (SAH 1.1), an
increase in the MIC90 to 128 mg mL−1 was observed, indicating
the CAF 2.1 strain is more susceptible to poly-1-Na. Neverthe-
less, poly-1-Na showed a signicant inhibition of the clinical
isolate C. albicans (SAH 1.1), with a MIC50 of 32 mg mL−1.
Additionally, poly-1-Na and 1-Na showed similar, but signicant
growth inhibition of C. auris with a MIC50 of 16 mg mL−1.
Against Cryptococcus spp. poly-1-Na was less potent, with
a MIC50 of 128 mg mL−1 for C. gattii and MIC50 of 256 mg mL−1

for C. neoformans.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The signicant difference in activity between the monomer
and polymer against C. albicans is interesting. As discussed
above, poly-1 is a reactive species, with evidence of S–S bond
cleavage when it is prepared as poly-1-Na. Future work will focus
on understanding what specic intermediates are responsible
for the diverse antifungal activities observed. For the purpose of
this initial study, the important conclusion is that poly-1-Na is
a potent antifungal and a new lead in the development of novel
strategies for combatting Candida spp. infections.
Antibacterial activity

Gram-positive bacteria (S. aureus and Streptococcus spp.) and
Gram-negative bacteria (E. coli and A. baumannii) were used to
evaluate the antibacterial activity of poly-1-Na. These species
represent clinically signicant pathogens with a documented
increase in resistance to traditional antibiotics.48–53 Identifying
new antibiotics and modes of action is therefore of immediate
importance in combatting drug-resistant infections.
Chem. Sci., 2026, 17, 11017–11026 | 11021
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Fig. 4 (a) Average hyphal length (mm) ofC. albicans cultures grown in the presence of poly-1-Na (0, 8, 16, 32 mgmL−1) after a 24 hours incubation
period at 37 °C. Data points represent the mean of three biological replicates (n = 3), and error bars indicate the standard error of the mean.
Statistical analysis was done in GraphPad Prism using ordinary one-way ANOVAwith multiple comparisons. (b) Microscopy images of C. albicans
cultures grown in the presence of poly-1-Na (0, 8, 16, 32 mg mL−1) after a 24 hours incubation period at 37 °C. Images were taken with a 40×
objective.
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MIC assays were conducted to assess the activity of poly-1-
Na, 1-Na, and the sodium polyacrylate control. Against S. aureus
(USA300), poly-1-Na showed excellent activity, with a MIC90 of
16 mg mL−1, while against S. aureus (SH1000) it demonstrated
lower but still promising activity with a MIC50 of 32 mg mL−1

(Fig. 3b). Similar to C. albicans, the monomer (1-Na) showed
signicantly lower activity against both S. aureus strains
compared to the poly(trisulde). In contrast, the polymer and
monomer exhibited similar activity against S. suis, S. pyogenese
and A. baumannii and low activity against E. coli (Fig. 3b and c).
The sodium polyacrylate control showed no effect on the growth
of these bacteria at any concentration tested.
Fig. 5 (a) Forward and side scatter plot of unstained S. aureus cells. Th
488 nm excitation and 515–545 nm emission of gated cells. Peaks from le
(red), 8 mg mL−1 of poly-1-Na (orange), 16 mg mL−1 of poly-1-Na (yellow),
(c) Shift in fluorescent peak of live S. aureus cells in the presence of poly
biological replicates, and error bars indicate the standard error of themea
one-way ANOVA with multiple comparisons.

11022 | Chem. Sci., 2026, 17, 11017–11026
The activity of poly-1-Na against S. aureus highlights its
potential as a lead for the development of novel antibacterial
treatments. While it is not as potent as critical medicines such
as vancomycin (MIC < 4 mg mL−1 against S. aureus),54 it is
notable that poly-1-Na still shows promising activity and can be
prepared readily on a multi-gram scale. As resistance to van-
comycin and other traditional antimicrobial treatments
emerges, new entities such as poly-1-Na may be useful leads in
developing next-generation antibiotics.55
Synergy assays

To explore the mechanism of action of poly-1-Na against the
most susceptible microbial species, S. aureus (SH1000) and C.
e black box indicates the gate applied. (b) Fluorescence spectrum at
ft to right are: unstained cells (no SYTOX, grey), 0 mgmL−1 of poly-1-Na
32 mg mL−1 of poly-1-Na (green), and dead cells (EtOH-treated, black).
-1-Na (0, 8, 16, 32 mg mL−1). Data points represent the mean of three
n. Statistical analyses were performed in GraphPad Prism using ordinary

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) HepG2 cell viability following exposure to poly-1-Na and 1-Na. Cells were cultured for 24 hours with increasing concentrations of
poly-1-Na and 1-Na, then viability was quantitated by MTT assay. Values represent mean ± SD, n = 3. The 50% cytotoxic concentration (CC50) is
indicated by the dotted line. (b) Haemolysis assay of rat red blood cells exposed to poly-1-Na and 1-Na for 30minutes at 37 °C. 0.1% Triton-X was
used as a positive control for total cell lysis. Values represent mean ± SD, n = 3.
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albicans (SAH 1.1), we employed a series of co-treatment assays.
We hypothesized that poly-1-Na may act through multiple
pathways, given the role of sulfur in redox processes and metal
binding, as well as the potential effects of the poly(trisulde)
structure on membranes. Synergy assays were therefore per-
formed with dipyridyl (extracellular iron chelation), paraquat
(intracellular superoxide production), and sodium dodecyl
sulfate (SDS) (cell membrane stress) in combination with a sub-
lethal concentration of poly-1-Na (16 mg mL−1) (SI page S32).
Across the concentrations of SDS and Paraquat tested, growth of
S. aureus and C. albicans remained unchanged in the presence
or absence of poly-1-Na. The absence of additive antimicrobial
activity suggests that these compounds may inhibit or dampen
the activity of poly-1-Na. Against S. aureus, a slight additive
effect was observed for dipyridyl at 400 mM in combination with
poly-1-Na (16 mg mL−1). However, no synergistic interactions
were identied for any of the compounds tested. Given that co-
treatment with these reagents reduced the apparent activity of
poly-1-Na, further studies were undertaken to probe its effects
on C. albicans SAH 1.1 using microscopy and on S. aureus
SH1000 using ow cytometry.
Effect of poly-1-Na on Candida albicans morphology

The hyphal length and the ratio of budding to non-budding
yeast cells were analyzed for C. albicans SAH 1.1 cultured with
sub-lethal concentrations of poly-1-Na (0, 8, 16, 32 mg mL−1).
This experiment was designed to assess potential effects on cell
morphology and replication modes. As shown previously, poly-
1-Na decreased the overall cell density in a concentration-
dependent manner (Fig. 3a). The ratio of budding to non-
budding yeast cells showed no signicant change across the
concentrations tested (see SI pages S33–S35), while a statisti-
cally signicant decrease in hyphal length was observed with
increasing concentrations of poly-1-Na (Fig. 4a). These results
suggest that, at the concentrations tested, poly-1-Na does not
specically affect budding-mediated replication of C. albicans,
but that hyphal extension is sensitive to poly-1-Na. This is an
© 2026 The Author(s). Published by the Royal Society of Chemistry
important discovery because hyphal growth is associated with
early biolm formation and pathogenicity in C. albicans.56 In
this context, the lack of an observable increase in hyphal
formation with poly-1-Na may be of interest, although further
studies are required to conrm morphology-specic effects.
Effect of poly-1-Na on Staphylococcus aureus plasma
membrane

The effect of poly-1-Na on the permeability of the S. aureus
SH1000 membrane was evaluated using SYTOX green staining
and single-cell analysis by ow cytometry.57 A concentration-
dependent increase in SYTOX uorescence (Fig. 5) was
revealed, consistent with increased membrane permeability.
This shi suggests that sub-lethal concentrations of poly-1-Na
can cause membrane disruption and provide preliminary
insight into a possible mechanism behind the activity of poly-1-
Na against S. aureus.
Toxicity assays against mammalian cells

To evaluate the potential of poly-1-Na as an antimicrobial,
preliminary toxicity studies were conducted using human
HepG2 cells and rat red blood cells. An MTT assay was carried
out aer exposing HepG2 cells to concentrations of poly-1-Na
and 1-Na spanning 1–256 mg mL−1. For poly-1-Na, a reduction of
cell viability was observed for doses of 128 and 256 mg mL−1,
with a calculated 50% cytotoxic concentration (CC50) value of
147 mg mL−1 (Fig. 6a). The monomer (1-Na) showed a similar
trend, with a CC50 of 153 mg mL−1. The comparable activity of
the polymer and monomer suggests that the observed cytotox-
icity may arise from extracellular or cell surface activities, given
that poly-1-Na is likely too large to readily enter cells. However,
it is possible that poly-1-Na breaks down into smaller reactive
species that can penetrate cells and contribute to the observed
activity. Additionally, neither poly-1-Na nor 1-Na induced hae-
molysis of red blood cells at any concentration tested (up to 256
mg mL−1) (Fig. 6b). These results are encouraging, as they
Chem. Sci., 2026, 17, 11017–11026 | 11023

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc09816e


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 2
:5

2:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
indicate that poly-1-Na exhibits antimicrobial activity against
target pathogens C. albicans and S. aureus while maintaining
relatively low toxicity towards mammalian cells.
Conclusions and outlook

A poly(trisulde) bearing carboxylic acid groups (poly-1) was
prepared using a newly developed photochemical ring-opening
polymerization. Deprotonation with NaOH resulted in
concomitant S–S chain scission, producing the water-soluble
oligomeric species poly-1-Na. The antimicrobial activity of
poly-1-Na was tested against a library of fungi and Gram-
negative and Gram-positive bacteria. Encouraging activity was
discovered against C. albicans (CAF 2.1, MIC90 < 8 mg mL; SAH
1.1, MIC90 = 128 mg mL−1), C. auris (SAH 2.1, MIC90 = 128 mg
mL−1) and S. aureus (USA300, MIC90= 16 mgmL; SH1000, MIC50

< 32 mg mL−1). Importantly, poly-1-Na did not exhibit toxic
effects to human hepatocytes and rat red blood cells at these
concentrations. Interestingly, the cyclic trisulde monomer was
less effective against C. albicans and S. aureus than the poly(-
trisulde). This is an interesting result, because depolymeriza-
tion was demonstrated by the reaction of poly-1 with base or
DMSO. Such a capability could enable slow-release approaches
or deactivation of the antimicrobial in a controlled way.

Future work will involve further investigating the mode of
action to understand how poly-1-Na interacts with the microbes
and inhibits their growth. As the polymer contains reactive
sulfur species, we will explore its potential role in perturbing
redox homeostasis, reactions with enzymes, and metal binding.
Preliminary experiments reported here indicated potential
membrane disruption of S. aureus and disruption of hyphal
growth in C. albicans. More generally, this study highlights the
potential for sulfur-derived polymers as novel agents to combat
pathogenic fungi and bacteria. The abundance of sulfur and the
simplicity and scalability of the polymerization reported here
bode well for the future development of novel and readily
available antimicrobial agents. Recent reports of new methods
to make poly(trisuldes) will further support biological appli-
cations of this interesting class of polymers.35,38,39,58,59
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A. Sayago, Á. Fernández-Recamales, R. Fernández de
Villarán, A. A. Cuadri, J. E. Mart́ın-Alfonso, R. Borja,
F. G. Fermoso, R. León and J. Urbano, Polym. Test., 2022,
109, 107546.

29 C. Miao, X. Xun, L. J. Dodd, S. Niu, H. Wang, P. Yan,
X.-C. Wang, J. Li, X. Wu, T. Hasell and Z.-J. Quan, ACS App.
Polym. Mater., 2022, 4, 4901–4911.

30 H. Shen, H. Qiao and H. Zhang, Chem. Eng. J., 2022, 450,
137905.

31 H. Shen, X. Chen, B. Zheng and H. Zhang, ACS App. Polym.
Mater., 2024, 6, 14351–14364.

32 S. Bahadori, A. D. Tehrani and M. H. Babaabbasi, J. Polym.
Environ., 2025, 33, 2684–2697.

33 X. Deng, R. A. Dop, D. Cai, D. R. Neill and T. Hasell, Adv.
Funct. Mater., 2024, 34, 2311647.

34 M. L. Eder, C. B. Call and C. L. Jenkins, ACS Appl. Polym.
Mater., 2022, 4, 1110–1116.
© 2026 The Author(s). Published by the Royal Society of Chemistry
35 J. M. M. Pople, T. P. Nicholls, L. N. Pham, W. M. Bloch,
L. S. Lisboa, M. V. Perkins, C. T. Gibson, M. L. Coote, Z. Jia
and J. M. Chalker, J. Am. Chem. Soc., 2023, 145, 11798–11810.

36 J. J. Dale, M.W. Smith and T. Hasell, Adv. Funct. Mater., 2024,
34, 2314567.

37 J. Rollins, C. B. Call, D. Herrera and C. L. Jenkins, ACS App.
Polym. Mater., 2025, 7, 8529–8537.

38 M. Mann, T. P. Nicholls, H. D. Patel, L. S. Lisboa,
J. M. M. Pople, L. N. Phan, M. J. H. Worthington,
M. R. Smith, Y. Yin, G. G. Andersson, C. T. Gibson,
L. J. Esdaile, C. E. Lenehan, M. L. Coote, Z. Jia and
J. M. Chalker, Nat. Sustain., 2025, 8, 947–956.

39 T. P. Nicholls, J. M. M. Pople, M. R. Harvey, H. D. Patel,
A. K. Mann, S. J. Tonkin, J. D. Randall,
A. Wickramasingha, J. Y. J. Wang, J. C. Robertson,
L. N. Pham, J. R. Gascooke, L. C. Henderson, C. T. Gibson,
W. M. Bloch, S. J. Miller, D. B. Jones, Z. Jia, M. L. Coote,
A. C. Bissember and J. M. Chalker, J. Am. Chem. Soc., 2025,
147, 46243–46258.

40 S. Poulain, S. Julien and E. Duñach, Tetrahedron Lett., 2005,
46, 7077–7079.

41 Q. Zhang, Y. Deng, C.-Y. Shi, B. L. Feringa, H. Tian and
D.-H. Qu, Matter, 2021, 4, 1352–1364.

42 F. L. Mayer, D. Wilson and B. Hub, Virulence, 2013, 4, 119–
128.

43 L. C. Whitney and T. Bicanic, Cold Spring Harb. Perspect.
Med., 2015, 5, a024158.

44 Y. Zhao, L. Ye, F. Zhao, L. Zhang, Z. Lu, T. Chu, S. Wang,
Z. Liu, Y. Sun and M. Chen, Infect. Dis. Poverty, 2023, 12,
1–18.

45 WHO Fungal Priority Pathogens List to Guide Research,
Development and Public Health Action, World Health
Organization, Geneva, 2022.

46 C. J. Nobile and A. D. Johnson, Annu. Rev. Microbiol., 2015,
69, 71–92.

47 S. L. Briner and T. L. Doering, Curr. Biol., 2025, 35, R518–
R522.

48 S. Y. C. Tong, J. S. Davis, E. Eichenberger, T. L. Holland and
V. G. Fowler Jr, Clin. Microbiol. Rev., 2015, 28, 603–661.

49 T. J. Foster, FEMS Microbiol. Rev., 2017, 41, 430–449.
50 N. Allocati, M. Masulli, M. F. Alexeyev and C. Di Ilio, Int. J.

Environ. Res. Publ. Health, 2013, 10, 6235–6254.
51 J. P. Nataro and J. B. Kaper, Clin. Microbiol. Rev., 1998, 11,

142–201.
52 M. Haenni, A. Lupo and J.-Y. Madec,Microbiol. Spectr., 2018,

6, DOI: 10.1128/microbiolspec.arba-0008-2017.
53 D. Ellis, B. Cohen, J. Liu and E. Larson, Antimicrob. Resist.

Infect. Control, 2015, 4, 40.
54 W. A. McGuinness, N. Malachowa and F. R. DeLeo, Yale J.

Biol. Med., 2017, 90, 269–281.
55 G. Dhanda, P. Sarkar, S. Samaddar and J. Haldar, J. Med.

Chem., 2018, 62, 3184–3205.
56 G. Wall, D. Montelongo-Jauregui, B. V. Bonifacio, J. L. Lopez-

Ribot and P. Uppuluri, Curr. Opin. Microbiol., 2019, 52, 1–6.
57 B. L. Roth, M. Poot, S. T. Yue and P. J. Millard, Appl. Environ.

Microbiol., 1997, 63, 2421–2431.
Chem. Sci., 2026, 17, 11017–11026 | 11025

https://doi.org/10.1128/microbiolspec.arba-0008-2017
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc09816e


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 2
:5

2:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
58 H. D. Patel, A. D. Tikoalu, J. N. Smith, Z. Pei, R. Shapter,
S. J. Tonkin, P. Yan, W. M. Bloch, M. R. Johnston,
J. R. Harmer, C. T. Gibson, M. V. Perkins, T. Hasell,
M. L. Coote, Z. Jia and J. M. Chalker, Nat. Chem., 2026,
DOI: 10.1038/s41557-026-02091-z.
11026 | Chem. Sci., 2026, 17, 11017–11026
59 S. J. Tonkin, H. D. Patel, J. M. M. Pople, L. N. Pham,
B. Aljubran, J. R. Gascooke, C. T. Gibson, M. R. Johnston,
W. M. Bloch, A. C. Bissember, Z. Jia, M. L. Coote and
J. M. Chalker, Nat. Commun., 2026, 17, 1561.
© 2026 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1038/s41557-026-02091-z
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc09816e

	A poly(trisulfide) oligomer with antimicrobial activity
	A poly(trisulfide) oligomer with antimicrobial activity
	A poly(trisulfide) oligomer with antimicrobial activity
	A poly(trisulfide) oligomer with antimicrobial activity

	A poly(trisulfide) oligomer with antimicrobial activity
	A poly(trisulfide) oligomer with antimicrobial activity
	A poly(trisulfide) oligomer with antimicrobial activity
	A poly(trisulfide) oligomer with antimicrobial activity
	A poly(trisulfide) oligomer with antimicrobial activity
	A poly(trisulfide) oligomer with antimicrobial activity
	A poly(trisulfide) oligomer with antimicrobial activity

	A poly(trisulfide) oligomer with antimicrobial activity
	A poly(trisulfide) oligomer with antimicrobial activity
	A poly(trisulfide) oligomer with antimicrobial activity
	A poly(trisulfide) oligomer with antimicrobial activity
	A poly(trisulfide) oligomer with antimicrobial activity


