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A B S T R A C T

Pathogen infection is the main cause of human morbidity and death. Traditional antibiotics usually
sterilize bacteria in chemical ways, which tends to develop serious antibiotic resistance. Cationic
polymers exhibit good bacterial inhibitionwith less resistance, but often face severe cytotoxicity toward
normal cells. The optimization of polymeric antimicrobials for enhanced bactericidal capacity and
improved biocompatibility is quitemeaningful. In addition, photodynamic therapy (PDT) is a therapeutic
modality with less susceptibility to develop resistance. Herein, a typical commercial polymeric
antimicrobial, polyhexamethylene guanidine (PHMG) was selected for current proof-of-concept
optimization due to its excellent bactericidal capacity but moderate biocompatibility. Eosin-Y (EoS)
was copolymerized to afford EoS-labeled polymer conjugates, poly(2-(dimethylamino) ethyl methacry-
late-co-eosin), P(DMAEMA-co-EoS), which was conjugated with PHMG to afford a novel polymeric
antimicrobial, P(DMAEMA-co-EoS)-b-PHMG-b-P(DMAEMA-co-EoS), noted as PEoS-PHMG. It could
efficiently kill broad-spectrum bacteria by physical damage and photodynamic therapy. Compared
with PHMG, the bacterial inhibition of PEoS-PHMG was potentiated after the functionalization.
Furthermore, PEoS-PHMG exhibited low cytotoxicity and minimal hemolysis, which was demonstrated
by cell viability assays toward LO2 cells and RAW264.7 cells as well as hemolytic assays against red blood
cells. These results confirmed that the resultant PEoS-PHMG could act as promising alternative
antibacterial materials with excellent broad-spectrum bacterial inhibition and favorable biocompatibili-
ty.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Pathogenicbacteriacancauseseriousmorbidityandhavebecome
a critical public healthcare problem [1,2]. Especially, the infections
caused bymultidrug-resistant bacteria, are a global burden resulting
in huge human death in the hundreds of thousands every year [3,4].
The emergence of resistant and more virulent bacteria strains even
surpasses thedevelopmentofnewantimicrobial agentsandmethods
[5]. Therefore, it is extremely urgent to develop new materials and
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alternativetreatmentstrategiestocombatantibioticresistance[6–9].
Although photodynamic therapy (PDT) [10–12], sonodynamic
therapy (SDT) [13] and photothermal therapy (PTT) [14,15] are
promising methods to solve the issue of bacterial resistance, each of
these is frequently suffered from some typical shortcomings, such as
low efficiencies, low laser penetration depth, and poor therapeutic
efficacyofsingletreatmentmodality [16].Hence, it is still challenging
to develop efficient therapeutic methods for bacterial killing.
Multimodal therapy, the combination of two or more different
therapeuticmodalities,hasbecomeapromisingapproachtoenhance
antibacterial efficiency [17,18].

Typically, antimicrobial photodynamic therapy, as a photoin-
duced therapy, has been successfully applied in epidermis
microbial infection [19–21]. Antimicrobial photodynamic therapy
possesses some advantages, including non-invasiveness, easy
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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operation, short treatment cycle, low side effects and overcoming
of resistant bacteria [22–24]. Resistant bacteria can be easily
destroyed due to indiscriminate photodynamic damage to
bacterial components [25,26], which results from the generated
reactive oxygen species (ROS) that are toxic toward cells and
microbes [27]. Most photosensitizers show good antibacterial
ability against Gram-positive bacteria, but they are insufficient to
inhibit Gram-negative bacteria because of their distinctmembrane
structure [28,29]. Therefore, it is imperative to develop broad-
spectrum antibacterial materials that can inhibit both Gram-
positive and Gram-negative bacteria [30].

Polyhexamethylene guanidine (PHMG), an effective and broad-
spectrum cationic polymeric bactericide, has been widely applied
in many fields (Scheme 1a), including medicine [31,32], wound
care [33], water treatment [34], food industry, papermaking and so
on [35]. The antimicrobial mechanism of PHMG is demonstrated
that cationic polymers can rapidly adsorb onto the negatively
charged cell surface, impair the cellular membrane, and increase
the permeability of cytoplasmic membrane to in-situ result in the
formation of local pores, the leakage of intracellular components
andfinal bacterial death [36–39]. Importantly, the physical damage
mechanism of PHMG is very different from traditional antibiotics
[40,41]. Physical damage is promising to overcome the bacterial
resistance [42–44].Meantime, the terminal amino groups of PHMG
provide reactive sites to conjugate with other functional units.

In this work, we reported an efficient polymeric antimicrobial
of EoS photosensitizer conjugate-functionalized PHMG,
P(DMAEMA-co-EoS)-b-PHMG-b-P(DMAEMA-co-EoS), noted as
PEoS-PHMG, which was prepared from the amidation reaction
of PHMG and P(DMAEMA-co-EoS). Owing to the conjugation with
P(DMAEMA-co-EoS), the resulting PEoS-PHMG exhibited dual-
modality inhibition, including physical damage to the microbes
and concurrent photodynamic killing (Scheme 1). PEoS-PHMG
behaved great antimicrobial activities against methicillin-resistant
Staphylococcus aureus (MRSA) and typical Gram-negative bacteria.
Additionally, the antimicrobial PEoS-PHMG had good biocompati-
bility and low toxicity to mammalian cells.

[(Scheme_1)TD$FIG]

Scheme 1. Schematic illustration for (a) the synthesis of Eosin-Y polymer
conjugate-modified PHMG, P(DMAEMA-co-EoS)-b-PHMG-b-P(DMAEMA-co-EoS),
noted as PEoS-PHMG. (b) Dual-modality inhibition broad-spectrum bacteria via
synergistic photodynamic inactivation and physical damage.
The fabrication of PEoS-PHMGwas illustrated in Scheme1a. The
EoS-labeled polymer conjugate, P(DMAEMA-co-EoS) was prepared
by facile reversible addition fragmentation chain transfer (RAFT)
polymerization at first [45,46], which was characterized by 1H
NMR spectrum (Fig. S1 in Supporting information). The covalent
conjugation between P(DMAEMA-co-EoS) and PHMG was
achieved by the amidation reaction, affording PEoS-PHMG. The
successful modificationwas characterized by typical FT-IR analysis
(Fig. S2 in Supporting information), indicating the stretching
vibration signals of C¼N and C¼O bonds in the resultant PEoS-
PHMG. In addition, the UV–vis absorption spectra of Eosin-Y and
PEoS-PHMG were recorded in water (Fig. 1a), indicating the
absorbance red-shift from�516nm to�536nm for EoSmoieties in
PEoS-PHMG, which also confirmed the successful conjugation of
P(DMAEMA-co-EoS) with PHMG. For the fluorescence emission
spectra (Fig. 1b), similar emission red-shift from �535nm to
�562nm for EoSmoieties was also observed. In addition, themean
hydrodynamic diameter for the aqueous dispersion of PEoS-PHMG
was determined to be �12nm by dynamic light scattering (DLS)
analysis (Fig. S3 in Supporting information).

To verify the photodynamic potency of PEoS-PHMG, the single
oxygen (1O2) generation potency was performed using 1,3-
dipheny-lisobenzofuran (DPBF) as an indicator of 1O2 [47,48].
DPBF can react with 1O2 in a stoichiometric manner and form an
irreversible endoperoxide to cause absorption decrease at
�410nm [9]. As shown in Figs. 2a-c, after exposure to light,
obvious absorption decreasing at�410nmwas observed for Eosin-
Yand PEoS-PHMG.More importantly, the consumption of DPBF for
the PEoS-PHMG group was more quickly than that of Eosin-Y,
suggesting enhanced 1O2 yield for the resultant PEoS-PHMG. In
contrast, no obvious absorbance decrease of DPBF was determined
for PHMG. The normalized absorbance variation of different groups
was also shown in Fig. 2d. These results indicated that PEoS-PHMG
had the best ROS generation efficiency.

The antimicrobial activities of these materials were evaluated
against clinically representative bacteria, including Gram-positive
bacteria, S. aureus, MRSA and Gram-negative bacteria, E. coli and P.
aeruginosa. Using a broth microdilution protocol [49], the
minimum inhibitory concentrations (MIC) values were presented
in Table 1 and Fig. 3, Figs. S5-S7 (Supporting information). These
results demonstrated that PEoS-PHMG exhibited broad-spectrum
antimicrobial activities against S. aureus, MRSA, E. coli and P.
aeruginosa with MICs values of 0.5, 1, 1, 1 mmol/L under light
irradiation, respectively. TheMIC values of PEoS-PHMGweremuch
lower than PHMG (1, 2, 4, 4 mmol/L) owing to that PHMG did not
possess photodynamic antibacterial potency, only exhibiting
physical inhibition for PHMG. Upon green light irradiation to
activate the photodynamic process, the inhibition ability of Eosin-Y
was still limited, especially for Gram-negative bacteria, because
the generated ROS could not approach and attack bacteria
membrane efficiently due to the short life time and limited action
range of ROS [50,51]. Furthermore, Gram-negative bacteria possess
[(Fig._1)TD$FIG]

Fig. 1. (a) Absorbance spectra and (b) fluorescence emission spectra recorded for
Eosin-Yand PEoS-PHMG, respectively. The excitationwavelengthwas set at 500nm.
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Fig. 2. In vitro evaluation of ROS generation upon light irradiation (520�10nm) at
diverse durations for (a) PHMG, (b) Eosin-Y, and (c) PEoS-PHMG, respectively. DPBF
was employed as a ROS indicator for ROS evaluation. (d) Normalized absorbance
intensity at 410nm recorded for (a)-(c), respectively.

Table 1
Minimum inhibition concentration (MIC) values evaluated for EoS, PHMGand PEoS-
PHMG, respectively.

Samples MIC (mmol/L)a

S. aureus MRSA E. coli P. aeruginosa

EoS Dark >8 >8 >8 >8
Light 4 4 >8 >8

PHMG Dark 1 2 4 4
Light 1 2 4 4

PEoS-PHMG Dark 2 2 4 4
Light 0.5 1 1 1

a MIC values were calculated by broth microdilution for S. aureus, MRSA, E. coli
and P. aeruginosa, respectively.

[(Fig._3)TD$FIG]

Fig. 3. Quantitative antibacterial tests were performed against E. coli upon
incubation with different contents of Eosin-Y, PHMG, and PEoS-PHMG under dark
(a) and light irradiation (b), respectively.

[(Fig._4)TD$FIG]

Fig. 4. Time-dependent growth inhibition of E. coli after incubation with PEoS-
PHMG (a) at dark and (b) light irradiation, respectively.
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complicated cell envelopes with low permeability and extra
defensive mechanisms [52,53]. Hence, the dual-modality antimi-
crobial potency of PEoS-PHMG exhibited highly effective broad-
spectrum antibacterial ability.

To evaluate the synergistic bacterial inhibition of PEoS-PHMG
via physical damage and photodynamic inactivation, typical
combination index (CI) was utilized as a parameter via the
Chou-Talalay method [54]. The CI value reflects the interaction
effect of the dual-modality inhibition mechanisms. 0.3<CI < 0.7
indicates obvious synergism, 0.7<CI < 0.85 indicates moderate
synergism [55]. The CI values of PEoS-PHMG with light irradiation
for S. aureus, MRSA, E. coli, P. aeruginosawere calculated to be 0.375,
0.75, <0.375, and <0.375, respectively, indicating obvious synergy
for S. aurues, E.coli, P.aeruginosa, and moderate effect for MRSA.
These results demonstrated effective synergy for PEoS-PHMG via
physical damage and PDT to inhibit broad-spectrum bacteria.

After that, to further verify the antibacterial effect of PEoS-
PHMG, the OD600 values were recorded for the dispersion at
different durations (Fig. 4). At the corresponding MIC value, there
was no obvious OD600 rise in the whole process for the dispersion
of E. coli upon incubationwith PEoS-PHMG under light irradiation,
exhibiting efficient inhibition. These results confirmed that the
functionalization of PHMG further potentiated its broad-spectrum
bacterial inhibition.

Furthermore, inhibition zone assay was performed in parallel
for Eosin-Y, PHMG, and PEoS-PHMG, respectively (Fig. S4 in
Supporting information). The area of inhibition zone reflected their
relative inhibition potency. PEoS-PHMG possessed the largest
inhibition zone upon light irradiation, suggesting favorable
synergistical bacteria inhibition by PEoS-PHMG, which was much
better than PHMG and Eosin-Y.

Apart from bacterial inhibition, the safety issue of antibacterial
materials is critically important [56]. Then the hemolysis was
analyzed for P(DMAEMA-co-EoS), PHMG and PEoS-PHMG, respec-
tively.HC10, the sample content that causes10%hemolysis ofmouse
red blood cells (mRBCs) relative to that of control, was determined
by incubationmRBCswithdifferent contentof thesamples [57]. The
HC10 value of PEoS-PHMG was determined to be over 32mmol/L,
and that of PHMGwasdetected tobe higher than 16mmol/L (Fig. 5).
Hence, the blood safety of PEoS-PHMG was further enhanced for
PHMG after modification [58,59]. The presence of hydrophilic
P(DMAEMA-co-EoS)with less positive charge probably contributed
to the minimal hemolysis of PEoS-PHMG [60,61].

In vitro cell viability was tested for two kinds of cell lines after
incubationwith these diverse samples. Cell counting kit-8 (CCK-8)
assays were performed for two series of samples upon incubation
with LO2 cells and RAW 264.7 cells for 24h (Fig. 6). PEoS-PHMG
showed undetectable toxicity toward both LO2 and RAW264.7 cells
even up to 8 mmol/L, approximately 2�4-fold compared to their
corresponding MIC values. The results demonstrated that the
functionalizedPEoS-PHMGhadgoodantibacterial selectivity,which
was toxic to bacteria but minimally harmful to mammalian cells.

In summary, a broad-spectrum polymeric antimicrobial, PEoS-
PHMG, was developed to achieve dual-modality bacterial inhibi-
tion via photodynamic inactivation and physical damage. Com-
pared with native PHMG, current photosensitizer conjugate-
functionalized PHMG exhibited excellent bacterial inhibition and
enhanced biocompatibility with minimal cytotoxicity toward
mammalian cells. Herein, the photodynamic functionalization of
PHMG is a promising strategy to exploit novel polymeric
antimicrobials in biomedicine.
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Fig. 5. Hemolysis activity analyzed for P(DMAEMA-co-EoS), PHMG and PEoS-
PHMG, respectively.

[(Fig._6)TD$FIG]

Fig. 6. In vitro cell viability of (a) LO2 cells and (b) RAW 264.7 cells after 24h
incubation with Eosin-Y, PHMG, and PEoS-PHMG at various contents.
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