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This study presents the synthesis of a novel methylene blue acrylamide monomer and its incorporation
into a diblock copolymer, PolyMB, which exhibits potent antimicrobial activity against Gram-negative
(Escherichia coli, Pseudomonas aeruginosa) and Gram-positive (Staphylococcus aureus) bacteria when
photoirradiated under red light (1 = 630 nm). Mechanistic investigations revealed that singlet oxygen
species, and not superoxides, are responsible for the antimicrobial activity, most likely by damaging cel-
lular components such as proteins and DNA. The advantage of using red light as an external trigger
because of its ability to penetrate skin and tissue is demonstrated here, where PolyMB is still active
against E. coli when irradiated through a cover of chicken skin. In terms of biocompatibility, PolyMB is,
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significantly, 130 times more biocompatible than the original methylene blue dye. Overall, this study
demonstrates the efficient modification of a red light-active photosensitiser into an antimicrobial
macromolecule with improved biological properties for potential photodynamic applications in
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Introduction

The rise in the number of infections caused by multidrug-
resistant (MDR) bacteria in recent years is a cause for concern
for human health. To put this global healthcare issue called
antimicrobial resistance (AMR) into perspective, about
1.14 million deaths in 2021 were directly attributed to MDR
bacteria and it is forecasted that this figure could nearly
double to 1.91 million deaths by 2050." AMR not only causes
deaths but also disrupts the global economy and could result
in costing the European economy €11.7 billion each year
because of increased hospitalizations if no new effective solu-
tions are found.’

To combat AMR, researchers have been looking at natural
immune system responses for inspiration, especially at host
defense peptides (also known as antimicrobial peptides
(AMPs)). AMPs are defined as sequence-specific polymers typi-
cally composed of cationic and hydrophobic groups that exert
their antimicrobial mechanism by mainly causing pertur-
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bation of bacterial cell membranes.>® Given that this particu-
lar mode of mechanism hinders resistance development in
bacteria, it is not surprising that many synthetic polymer
mimics have been developed that follow the general compo-
sitional rules of AMPs.”'® While AMPs and mimics thereof are
excellent at killing bacteria, they are generally plagued by tox-
icity issues when administered as therapeutics and therefore
have found limited application in clinical settings. Several
recent strategies are being explored to overcome this toxicity

barrier,"’* including those developed by us that entail the
use of self-immolative chemistry and combination
therapy.>* %’

Besides AMPs, the natural immune system is also capable
of producing reactive oxygen species (ROS) that exert anti-
microbial activity against extracellular bacteria. An attractive
way to mimic this capability is via the use of photosensitisers
as this class of compound not only enables external spatiotem-
poral activation, but also the efficient generation of singlet
oxygen species to attack bacterial cells. This approach has
been elegantly demonstrated by the groups of Bazan and
Wang, for instance, where water-soluble cationic conjugated
polymers were employed as photosensitisers to kill bacteria
under light irradiation.?®*° In addition, the incorporation of
small-molecule photosensitisers, either covalently linked to
hydrophilic polymers or in nanoparticle encapsulations, has
also been shown to be effective when triggered photochemi-
cally. Regardless of the different methodologies employed,
they all share a common theme in improving the aqueous
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solubility of photosensitisers for bioapplications, which is
essential considering that the general chemical structure of
photosensitisers is often composed of hydrophobic aromatic
groups.”' **

The ability to phototrigger the generation of ROS at higher
wavelengths, for example, using red light (at 4 > 630 nm), is
another key parameter to consider especially when light pene-
tration across skin and tissue is desired. Several photosensiti-
sers with this characteristic have been investigated for anti-
microbial photodynamic therapy, including porphyrins,**>°
chlorins,®*® and phthalocyanines.*>*® Additionally, methyl-
ene blue (MB) has emerged as a useful photosensitiser for
antimicrobial applications given that it is a simple, low-cost
dye with strong absorption at red light wavelengths that could
generate ROS effectively.”’*> Furthermore, the ability to
perform facile chemical modifications of MB for further
functionalization®®** makes this photosensitiser an attractive
candidate for photoinduced antimicrobial applications.*>™*’

In this study, we describe the synthesis of a novel copoly-
mer containing methylene blue moieties (PolyMB, Fig. 1) that
could self-assemble in aqueous environments and generate
ROS to kill bacteria under red light irradiation. This photo-
active block copolymer when compared to the more hydro-
phobic methylene blue molecule has similar antimicrobial
activity against Pseudomonas aeruginosa, Escherichia coli and
Staphylococcus aureus, and inflicts damage to bacteria by gen-
erating singlet oxygen that targets proteins. More importantly,
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Fig. 1 Chemical structures of the methylene blue-functionalized
polymer (PolyMB) and methylene blue (MB).
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we demonstrate that PolyMB exhibits antimicrobial activity
even when irradiated through a barrier of chicken skin and
has superior biocompatibility (ca. 130 times improvement)
compared to methylene blue.

Results and discussion

To furnish the diblock copolymer PolyMB, an acrylamide-func-
tionalized methylene blue monomer was first synthesized and
subsequently copolymerized with N-butyl acrylamide using a
poly(N-hydroxyethyl acrylamide) macro-chain transfer agent via
reversible addition fragmentation chain transfer (RAFT)
polymerization. The design rationale behind PolyMB was to
create two distinct blocks with one block being completely
hydrophilic (i.e., the hydroxyl-rich polymer segment) and
another consisting of the more hydrophobic methylene blue
side chains such that PolyMB will undergo self-assembly to
form nanoparticles in water. Furthermore, the introduction of
the butyl groups was to ensure that there is sufficient hydro-
phobicity in the second block to induce self-assembly and to
relieve potential steric hindrance between the methylene blue
monomer units for the RAFT polymerization to proceed
smoothly.

The chemical structures of the synthesized final and inter-
mediary compounds were confirmed by NMR analysis
(Fig. S1-S3, ESIt). Meanwhile, GPC analysis revealed the suc-
cessful chain extension of the methylene blue and N-butyl
acrylamide copolymer from the poly(N-hydroxyethyl acryl-
amide) macro-chain RAFT agent, as evidenced by the evolution
of the number-averaged molecular weight (M,) from 6400 g
mol™" to 14100 g mol™" (Fig. 2a). Both the macro-chain RAFT
agent and polyMB showed low dispersity (P) values of 1.17 and
1.21, respectively, thus indicating that the polymerization
steps were well controlled. The ability of PolyMB to self-assem-
ble in water was assessed using DLS where the polymer was
initially dissolved in DMSO, which is a good solvent for both
blocks, at high concentration (20 mg mL™") before further
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Fig. 2 Characterization of PolyMB. (a) GPC differential refractive index (Rl) chromatograms of PolyMB as measured in dimethylacetamide eluent. (b)
DLS trace of PolyMB in deionized water (intensity distribution vs. hydrodynamic diameter) at 64 ng mL™ . (c) Scattering intensity vs. concentration
plot for determining the critical micelle concentration (CMC) of self-assembled PolyMB in deionized water via segmental linear regression (R? >

0.99).
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dilution into water. The DLS trace in Fig. 2b confirmed the for-
mation of self-assembled nanoparticles with an average hydro-
dynamic diameter (Dy.av) of 99 nm and polydispersity index
value of 0.16, which indicated narrow particle size distri-
bution. The critical micelle concentration (CMC) of PolyMB in
water was determined to be 22 pg mL™' based on the DLS
count rate method*®*° (Fig. 2c), which was comparable to
other polymer self-assemblies.”®

The antimicrobial performance of PolyMB was evaluated by
first determining its bacteriostatic activity against Gram-nega-
tive (P. aeruginosa, E. coli) and Gram-positive (S. aureus) bac-
teria, in comparison with methylene blue. For this, the
polymer or methylene blue at various concentrations was
mixed with bacterial cells (ca. 5 x 10° cells per mL) in cell
culture media and irradiated with red light (1. = 630 nm,
18 mW cm™?) for 2 h (see Fig. S4, ESI,{ for the photoreactor
setup), before further incubating the samples at 37 °C for 20 h
in the dark to determine the lowest concentration cut-off
point, if any, that will inhibit bacterial growth by at least 90%.
This concentration cut-off point is known as the minimum
inhibitory concentration (MIC). Parallel control samples were
also included where the same conditions were applied except
that the compounds plus bacteria were not irradiated with red
light but were instead kept in the dark during the initial 2 h.
As observed in Fig. 3a, all samples that were not photoirra-
diated did not show any MIC values even at the highest tested
concentration of 256 pg mL™". In other words, neither PolyMB
nor methylene blue produced any antimicrobial effects in the
absence of light. On the other hand, both PolyMB and methyl-
ene blue inhibited the growth of all three tested bacterial
species when red light was shone onto the samples. PolyMB
yielded MIC values of 4, 4 and 1 pg mL™" against P. aeruginosa,
E. coli and S. aureus, respectively, whereas methylene blue
registered MIC values of 1.5, 1 and 0.25 pg mL™' against the
same panel of bacteria. Although methylene blue appeared to
be more antimicrobial than PolyMB, both compounds have
similar potency when compared in terms of the number of
moles of photoactive units due to the difference in molecular
weight between the two (PolyMB is twice as heavy as methylene
blue per photoactive group). When contrasting the activity
between Gram-negative and Gram-positive bacteria, both
PolyMB and methylene blue performed better against Gram-
positive bacteria, which corroborates earlier studies that
showed Gram-negative bacteria are less susceptible to ROS
because of the additional lipid bilayer membrane in the cell
wall.>™® 1t is worth noting that bacterial growth was not
affected by red light irradiation in the absence of either com-
pound, thus validating that the observed bacteriostatic effect
must have been derived from the photoirradiation of PolyMB
and methylene blue.

Next, the bactericidal kinetics of PolyMB and methylene
blue was assessed by irradiating the compounds under red
light in the presence of E. coli in phosphate buffered saline
(PBS) solution (Fig. 3b). Two different initial bacterial loadings
were employed, one at a standard concentration of ca. 10’
colony forming units (CFU) per mL, and another at a higher

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper
a) Bacteriostatic
_ I PolyMB without irradiation [l MB without irradiation
r'_é, B PolyMB after 2 h irradiation [JJill MB after 2 h irradiation
>
3
= > 2561
Q
§ I I I I I I
<
b
L&
< 2
S 2
> 4
e
3 31
<
£
£ 2]
g
s "
=
04
P. aeruginosa E. coli S. aureus
b) Bactericidal
PolyMB MB Control
107 CFUmL™"  —— e —.—
104 10° CFUmML™!  --&- - -

E

S 81

w

Q

Q

s °

-

<

S

% 4]

e

~J

24

0 10 20 30 40 50 60
Time (min)

Fig. 3 Antimicrobial activity study of methylene blue and PolyMB. (a)
Minimum inhibitory concentration (MIC) values of compounds with or
without red light irradiation (2 h, Amax = 630 nm, 18 MW cm™2) against
P. aeruginosa ATCC 27853, E. coli ATCC 25922, and S. aureus ATCC
29213. (b) Amount of planktonic E. coli ATCC 25922 bacteria cells
remaining, as determined by CFU analysis, after being challenged by
methylene blue (4 pg mL™) or PolyMB (8 pg mL™) for up to 1 h under
red light irradiation at 37 °C in PBS solution (pH 7.4). Two different initial
bacterial loadings (ca. 107 and 10° CFU mL™) were investigated.

concentration of ca. 10° CFU per mL to challenge the limits of
the system. In both cases, almost complete eradication of
E. coli cells was achieved with a 6-log;, reduction compared to
the bacteria only control sample (ie., 99.9999% killing
efficiency) after 1 h of irradiation, though a faster killing rate
was observed in samples with a lower starting bacterial con-
centration, as expected. For example, PolyMB deactivated
almost all bacterial cells within 30 min when the bacterial load
was lower compared to taking 1 h when the bacteria content
was higher by 2 orders of magnitude. Besides bacterial load,
the duration of irradiation also had an important effect on the
antimicrobial performance of both PolyMB and methylene
blue as the photosensitisers need to be irradiated for a
minimum number of minutes to achieve maximum bacteri-
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cidal effects, most likely due to the necessity of generating
sufficient ROS. Based on the bacteriostatic and bactericidal
data, PolyMB demonstrated excellent antimicrobial activity.
Given that methylene blue is known to generate ROS, in
particular singlet oxygen ('0,), the efficiency of PolyMB in
doing this under red light irradiation was assessed using 9,10-
dimethylanthracene (DMA) as a singlet oxygen scavenger. If
singlet oxygen was generated, it would be trapped within the
DMA ring, thereby causing a decrease in UV-vis absorbance.
This was indeed the case as the UV-vis absorbance peaks
corresponding to DMA decreased over time and nearly dis-
appeared after 20 min of irradiation (Fig. 4a). Apart from
singlet oxygen, the ability of PolyMB to generate other ROS
such as superoxide was also checked using nitrotetrazolium
blue chloride (NBT) as a superoxide trap. As seen in Fig. 4b,
there were no changes to the UV-vis absorbance spectra of NBT
even after 30 min of irradiation in the presence of PolyMB,
hence demonstrating that PolyMB predominantly follows the
type II photochemical pathway where its triplet state transfers
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energy to molecular oxygen, producing 'O,, without generating
superoxide. This behavior mirrors that of MB and is strongly
influenced by the experimental conditions employed in this
study—relatively low dye concentrations, the presence of
oxygen, and the absence of reducing agents—all of which
favor the type II pathway.”*>> To gain an understanding of the
antimicrobial mechanism, we investigated the ability of
PolyMB to cause protein damage since the singlet oxygen
species is known to result in undesirable oxidation and altera-
tion of biomolecules such as proteins and DNA. Using bovine
serum albumin (BSA) as a protein model, the fluorescence
intensity of the protein decreased substantially over time as it
was irradiated together with PolyMB, which most likely signi-
fied the modification of tryptophan and tyrosine residues on
BSA because of singlet oxygen attack (Fig. 4c). Further mechan-
istic experiments were also conducted to check if PolyMB
causes any perturbation to the bacterial cell membrane.
Specifically, we investigated the ability of PolyMB to perturb
the inner membrane of E. coli cells using propidium iodide
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Fig. 4 Antimicrobial mechanism study of PolyMB. (a) Singlet oxygen (*O,) formation test on PolyMB (50 pg mL™%) with 20 min of red light irradiation
via trapping of O, with 9,10-dimethylanthracene. (b) Superoxide (O, ") formation test on PolyMB (50 pg mL™) with 30 min of red light irradiation via
trapping of O,"~ with nitrotetrazolium blue chloride. (c) Study of protein damage caused by PolyMB (8 ug mL™*) within 1 h of red light irradiation
using bovine serum albumin (BSA) as the protein model. (d) Inner membrane permeability study of PolyMB against E. coli ATCC 25922 under 30 min
of red light irradiation. The membrane permeability variation, as quantified by the dimensionless constant of the propidium iodide (PI) index (i.e., the
fluorescence fold difference between the treatment and negative control groups with lex = 544 nm, lem = 622 nm), was used to determine the
extent of Pl permeation across the bacterial cell membranes. Polymyxin B was included as the positive control.
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(P1) as a fluorescent probe. Should PolyMB cause the disrup-
tion of the inner membrane, PI will permeate across the com-
promised cell wall and bind with the intracellular components
of the bacteria, yielding red fluorescence. This change in fluo-
rescence fold with respect to the negative control group (ie.,
bacteria and PI only), herein defined as the dimensionless con-
stant PI index, was used to estimate the extent of membrane
perturbation. In essence, more PI permeation results in higher
fluorescence fold change and PI index, and therefore the
greater is the extent of membrane perturbation. Typical AMPs
like polymyxin B showed a gradual increase in PI index over
time since this is a dominant antimicrobial mechanism for
such membrane-active compounds (Fig. 4d). However, unlike
in the case of the polymyxin B AMP, the PI index of PolyMB
(and methylene blue) remained constant over the entire course
of irradiation, thus strongly suggesting that PolyMB does not
act on the bacterial cell wall. Taken together, it can be postu-
lated that PolyMB exerts its antimicrobial activity via the gene-
ration of singlet oxygen species, and not superoxides, which
damage the cellular components such as proteins and DNA
without affecting the cell membrane.

It is worthwhile noting that the methylene blue moiety on
PolyMB could be uncaged under red light as demonstrated
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previously,*>>® though this is subject to the conditions
employed (e.g., type of solvent, irradiation time). To investigate
whether a similar phenomenon is occurring in this study, a
detailed cleavage rate analysis was performed on both PolyMB
and its monomer (MB-Am) using UV-vis spectroscopy (Fig. 5
and Fig. S51). Since the self-aggregation of MB in water affects
its visible light absorption spectrum due to the coexistence of
monomer and dimer forms,>”*® the calibration of MB in water
was conducted by integrating the entire absorption range from
420 to 800 nm to encompass the monomer (Agss nm) and
dimer (As10 nm) peaks (Fig. 5a and b). After 3 h of irradiation, a
noticeable color change was observed; however, the cleavage
rate remained low where only 12.6 mol% of the photoactive
group was cleaved from the polymer backbone (Fig. 5d). On
the other hand for the monomer MB-Am, a higher cleavage
rate of 32 mol% (more than double that of PolyMB) was
achieved, though the cleavage experiment was performed in
acetonitrile due to its poor solubility in water. The relatively
low cleavage rates for both PolyMB and MB-Am suggest that
the chemical structural integrity of PolyMB remained largely
unaffected by the photoirradiation process.

One of the advantages of using red light as an external
trigger for biomedical applications is that it can penetrate
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Fig. 6 Red light penetration study. (a) Image of a vial containing
PolyMB (8 pg mL™) and E. coli ATCC 25922 bacterial cells covered with
chicken skin (6.5 x 6.5 cm? cut from chicken thigh). (b) Amount of
E. coli cells remaining, as determined by CFU analysis, after irradiating
the chicken skin-covered vial at 37 °C in PBS solution (pH 7.4).

through skin and tissue to photoinduce a desired chemical
process. We emulated this scenario by shining red light onto a
vial that contained a solution of E. coli bacteria and PolyMB
wrapped with chicken skin (ca. 1 mm thick) (Fig. 6a). The
initial bacterial loading was ca. 10" CFU mL™" and the killing
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kinetics of PolyMB in terms of the reduction of viable cells was
monitored over 1 h of irradiation (Fig. 6b). No detectable bac-
teria were observed after 1 h of irradiation, with complete era-
dication being achieved within the detection limit, although
the efficiency was about half that compared to the case above
without any chicken skin cover where it took only 30 minutes
to achieve the same antimicrobial effect (vide supra). However,
this is not entirely surprising and in fact correlates with other
examples in the literature where the efficiency of red light
irradiation is typically reduced by ca. 50% when encountering
a skin barrier.’*®® Though beyond the scope of this study, one
potential solution to this is to fundamentally study the system
with photochemical action plots by following wavelength-
dependent ROS generation, as this will enable the determi-
nation of the most optimal irradiation wavelength for
maximum reactivity, which may not necessarily be at the cur-
rently employed 630 nm.®"®> Regardless, the current data
suggest that PolyMB could potentially be used in vivo in the
future for photodynamic applications.

Lastly, the biocompatibility of PolyMB and methylene
blue was assessed by determining the mammalian cell
cytotoxicity on murine embryonic fibroblast (MEF) cells.
Specifically, different concentrations of each compound were
screened with MEF cells to determine the half-maximal
inhibitory concentration value (ICso), which is defined as
the concentration that reduces the cell viability by half. The
cell viability curves of MEF cells after incubation with the
compounds for 24 h are shown in Fig. 7a. Evidently, PolyMB
exhibited a significantly higher ICs, value compared to
methylene blue (387 vs. 3 pg mL™"), which suggested it was
nearly 130 times less toxic. Closer inspection of the MEF
cell morphology after exposure to the compounds showed
that PolyMB did not alter the cell morphology, whereas
methylene blue caused the cells to shrivel and shrink
(Fig. 7b). In addition, rod-shaped -crystals/aggregates of
methylene blue were also observed, indicating its poor solu-
bility in water. The superior biocompatibility shown by
PolyMB relative to methylene blue could be attributed to the
functionalization of the photoactive unit with hydrophilic
polymers to improve water solubility, which ultimately pre-
vents the crystallization of poorly soluble aggregates that are
responsible for cytotoxicity.
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Fig. 7 Biocompatibility study. (a) Cell viability curves of mouse embryonic fibroblast (MEF) cells after incubation with different concentrations of
methylene blue or PolyMB for 24 h at 37 °C. (b) MEF cell morphology as observed under an optical microscope.
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Conclusion

In conclusion, we developed a new antimicrobial block copo-
lymer, PolyMB, comprising photoactive methylene blue side
chains that could undergo self-assembly in water to form
nanoparticles. When irradiated under red light (1 = 630 nm),
PolyMB exhibited strong antimicrobial activity against Gram-
negative and Gram-positive pathogens via the generation of
singlet oxygen species. Further mechanistic studies revealed
that PolyMB does not affect the bacterial cell membrane, and
the antimicrobial activity stems from singlet oxygen attack on
cellular components such as proteins and DNA. Additionally,
the use of red light in combination with PolyMB enabled
the eradication of bacteria even when illuminated through a
chicken skin barrier, thus demonstrating the potential for bio-
medical applications where spatiotemporal activation across
skin and tissue is desired. Importantly, PolyMB showed excel-
lent biocompatibility and was about 130 times less toxic than
the original methylene blue molecule. This study thus demon-
strated the strategic design and transformation of small mole-
cule dyes/photosensitisers into advanced functional anti-
microbial macromolecules with improved biological properties
for potential photodynamic therapy applications. Work is cur-
rently underway to expand the scope of this study to include
testing of MDR bacterial strains in vitro and in vivo.
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