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Abstract: Carbon monoxide (CO) is an important gaseous
signaling molecule. The use of CO-releasing molecules such as
metal carbonyls enables the elucidation of the pleiotropic
functions of CO. Although metal carbonyls show a broad-
spectrum antimicrobial activity, it remains unclear whether the
bactericidal property originates from the transition metals or
the released CO. Here, we develop nonmetallic CO-releasing
micelles via a photooxygenation mechanism of 3-hydroxyfla-
vone derivatives, enabling CO release under red light irradi-
ation (e.g., 650 nm). Unlike metal carbonyls that non-specif-
ically internalize into both Gram-positive and Gram-negative
bacteria, the nonmetallic micelles are selectively taken up by S.
aureus instead of E. coli cells, exerting a selective bactericidal
effect. Further, we demonstrate that the CO-releasing micelles
can cure methicillin-resistant S. aureus (MRSA)-infected
wounds, simultaneously eradicating MRSA pathogens and
accelerating wound healing.

Introduction

Apart from being an air pollutant, carbon monoxide (CO)
is also an endogenous gaseous singling molecule in living
organisms,[1] exerting physiological functions such as anti-
inflammatory, anti-apoptotic, and anti-cancer effects.[2] Car-
bon monoxide-releasing molecules (CORMs) such as metal
carbonyls are developed for safe and convenient delivery of
CO, and these CO-releasing prodrugs render it possible to
investigate and understand the physiological functions of
CO.[3] Although metal carbonyls provide a robust tool to
locally deliver CO and show therapeutic benefits similar to
that of CO gas, the use of metal carbonyls to evaluate the
antibacterial activity of CO leads to ambiguous conclusions.
Specifically, previous studies revealed that the most exten-
sively used CO-releasing metal carbonyls such as CORM-2
(tricarbonyldichlororuthenium(II) dimer) and CORM-3 (tri-
carbonylchloro(glycinato)ruthenium (II)) showed a broad-
spectrum antibacterial activity.[4] However, a saturated solu-
tion of CO gas had a negligible effect on inhibiting bacterial
growth.[5] Giving that no CO release was detected in
biological fluids of CORM-3,[6] these results likely implied

that it was the transition metals rather than the released CO
exerting the antibacterial effect. Indeed, a recent study
concluded that it was the thiol-reactive Ru2+ ions instead of
CO release that underlined the antibacterial property.[7]

Therefore, we surmised that it would be necessary to develop
metal-free CO-releasing platforms, which may be beneficial
to exclude the influence of metal ions and to clarify the
antibacterial capacity of CO.

In the context of nonmetallic CORMs, boranocarbon-
ates,[8] Diels–Alder reaction-based CO donors,[9] and several
photoresponsive CORMs (photoCORMs) have been success-
fully developed.[10] Among them, photoCORMs enabled
localized CO delivery by taking advantage of the spatiotem-
poral precision of light stimulus. Typical nonmetallic photo-
CORMs include 3-hydroxyflavone (3-HF),[11] cyclic dike-
tone,[12] xanthene-9-carboxylic acid,[13] and meso-carboxyl
BODIPY derivatives,[14] exhibiting triggered CO release
under specific light irradiation (Scheme 1a). Remarkably,
although metal-free photoCORMs have revealed great
potentials in anti-inflammatory and anticancer applica-
tions,[9b, 11c] the antibacterial performance of nonmetallic
photoCORMs have far less been explored. Since bacterial
pathogens were inherently sensitive to ultraviolet (UV)
irradiation, it would be necessary to activate photoCORMs
under long-wavelength illumination with decreased photo-
toxicity. Unfortunately, many of previous photoCORMs were

Scheme 1. a) Representative metal-free photoCORMs with typical acti-
vation wavelengths and CO yields. b) Illustration of the fabrication of
metal-free CO-releasing micelles by integrating 3-HF derivatives and
tetraphenylporphyrin (TPP) photosensitizer into the micelle cores,
enabling CO release under red light irradiation via a photooxygenation
mechanism, exerting a selective bactericidal effect toward Gram-
positive bacteria.
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primarily activated by detrimental UV or near-UV light with
poor tissue penetration,[15] and it remained a grand challenge
to develop photoCORMs capable of releasing CO under red
or near-infrared light irradiation.[16] Considering the facile
preparation, quantitative CO yield, and low toxicity of the
photolyzed products of 3-HF-based CO releasers, we envi-
sioned that 3-HF derivative might be an ideal candidate for
metal-free CORMs to evaluate the antibacterial capacity of
CO. Nevertheless, it was impractical to directly activate 3-HF
moieties under red light irradiation owing to the weak
absorbance. It was worth noting that the CO release from 3-
HF derivatives involved the oxygenation of excited 3-HF
derivatives by ground oxygen (3O2).[11d] We hypothesized it
was possible to oxidize 3-HF derivatives through a photo-
oxygenation mechanism using more oxidative singlet oxygen
(1O2) in the presence of a specific photosensitizer with long-
wavelength absorbance, thereby enabling CO release via an
indirect approach under red light irradiation.[17]

In this work, we report a metal-free CO-releasing plat-
form by integrating 3-HF derivatives and tetraphenylpor-
phyrin (TPP) moieties into the cores of micellar nano-
particles, serving as the CO donor and photosensitizer,
respectively. The formation of micellar nanoparticles not
only increased the water-dispersity but also locally concen-
trated 3-HF derivatives and the photosensitizer. When
exposed to 650 nm light irradiation, the excited TPP photo-
sensitizer converted 3O2 to 1O2 that spontaneously oxidized 3-
HF derivatives, resulting in CO release (Scheme 1b). The
CO-releasing micelles were selectively internalized by Gram-
positive Staphylococcus aureus (S. aureus) instead of Gram-
negative Escherichia coli (E. coli) bacteria, and the red light-
triggered intracellular CO release exerted an excellent
bactericidal effect against S. aureus. Moreover, in vivo studies
revealed that the CO-releasing micelles could efficiently
eradicate methicillin-resistant S. aureus (MRSA) bacteria and
accelerate MRSA-infected wounds in a full-thickness skin
wound model.

Results and Discussion

Starting from 4-hydroxybenzaldehyde, both 3-HF-based
monomers, N-(2-(4-(3-hydroxy-4-oxo-4H-chromen-2-yl)phe-
noxy) ethyl)methacrylamide (HFM) and N-(2-(4-(3-hydroxy-
4-oxo-4H-benzo[g]chromen-2-yl)phenoxy)ethyl)methacryla-
mide (FlavM), were successfully synthesized using a similar
procedure. Moreover, the phenolic group of HFM could be
further modified with the formation of caged HF monomer
(CHFM) in the presence of benzyl bromide (Supporting
Information, Scheme S1). Also, we synthesized TPP photo-
sensitizer-based monomer (TPPM; Scheme S2) and HF, TPP-
HF, TPP-CHF, and TPP-Flav block copolymers through
reversible addition-fragmentation chain transfer (RAFT)
polymerization (Scheme S3).[18] All the precursors, targeted
monomers, and block copolymers were thoroughly charac-
terized (Figures S1–S11). The chemical structures and the
structural parameters of the as-synthesized diblock copoly-
mers are shown in Scheme 2 and Table S1, respectively.
Remarkably, although phenol-containing compounds were

known as inhibitors of radicals, the HFM and FlavM
monomer containing a phenolic group at the 3-position could
be directly polymerized through RAFT polymerization.

With the synthesized block copolymers in hand, we first
investigated their self-assembly behavior in aqueous solu-
tions. TPP-HF, TPP-CHF, and HF block copolymers self-
assembled into micellar nanoparticles with hydrodynamic
diameters, hDhi, of ca. 20–60 nm (Figure S12). Upon exposure
to mild red light irradiation (650 nm, 26 mW cm�2), no
significant changes in hDhi were observed for all three
micelles, whereas a decrease in scattering intensities was
observed for TPP-HF micelles (Figure 1a–c, S12). To under-
stand this phenomenon, we monitored the UV/Vis absorb-
ance spectra of all three micelles under 650 nm light
irradiation. We found that a continuous decrease centered
at 356 nm was only observed for TPP-HF micelles (Fig-
ure 1d), whereas TPP-CHF micelles with caged 3-HF moi-
eties and HF micelles without the labeling of TPP photo-
sensitizers did not reveal noticeable changes in UV/Vis
spectra (Figure S13). The apparent photolysis constant, kobs,
of TPP-HF micelles was determined to be 0.08 min�1 under
650 nm light irradiation (Figure S13d and Table S2). Remark-
ably, when TPP-HF micelles were exposed to 365 nm light
irradiation, the kobs value was increased to 0.151 min�1

(Figure S14), which was likely ascribed to the higher absorb-
ance at 365 nm (Figure 1d). However, the kobs of HF micelles
without TPP photosensitizer dropped to 0.034 min�1 under
identical 365 nm light irradiation (Figure S14 and Table S2),
demonstrating that the photolysis of 3-HF moieties proceed-
ed more efficiently in the presence of TPP photosensitizer
under 650 nm light irradiation.

Using the allyl-Flu (AFCO) probe,[19] red light-mediated
CO release from TPP-HF micelles was confirmed by the
fluorescence increase (Figure 1e). Moreover, the CO release
process was monitored by a portable CO detector (Dr�ger
Pac6500), revealing that a higher CO yield under 650 nm
irradiation than that of 365 nm irradiation (Figure 1 f).
Specifically, the CO release amounts were calculated to be
1.26 mmol and 1.06 mmol under 650 and 365 nm irradiation for
90 min, corresponding to ca. 69 % and ca. 58% of the 3-HF
moieties, respectively (Figure 1 f). However, no CO release
was detected for TPP-CHF and HF micelles under identical
red light irradiation (Figure 1 f), in good agreement with the
negligible changes in UV/Vis spectra (Figure 1d and S13).
Taken together, although 3-HF moieties showed negligible
absorbance at 650 nm, the incorporation of TPP photosensi-
tizer and 3-HF moieties into the cores of micellar nano-
particles enabled the photooxygenation of 3-HF moieties,

Scheme 2. Chemical structures of HF, TPP-HF, TPP-CHF, and TPP-Flav
diblock copolymers used in this study.
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resulting in CO release under red light irradiation. It should
be mentioned that the control experiments revealed that the
coexistence of free phenolic group and TPP photosensitizer
was indispensable to enable the 3-HF derivatives to be
activated by red light irradiation because neither TPP-CHF
with caged 3-HF moieties nor HF micelles without TPP
photosensitizer could release CO under otherwise identical
conditions.

To clarify the CO release mechanism under red light
irradiation, we deoxygenated the TPP-HF micelles by three
freeze-pump-thaw cycles and exposed the degassed micelles
to the same light source. There were no remarkable changes
in the UV/Vis spectra (Figure S15), implying the involvement
of oxygen in the photolysis process. Moreover, the generation
of 1O2 under 650 nm light irradiation was observed for both
TPP-HF and TPP-CHF micelles, as probed by 1O2-specific
Singlet Oxygen Sensor Green (SOSG). The fluorescence
intensity of SOSG was stronger for TPP-CHF than that of
TPP-HF micelles with a similar TPP concentration, which was
tentatively ascribed to the consumption of 1O2 by 3-HF
moieties (Figure 1g and S16). By contrast, no 1O2 was
detected for HF micelles without TPP photosensitizer (Fig-

ure 1g). These results corroborated the involvement of
oxygen in the photolysis process. To further support this
claim, we synthesized PYD diblock copolymer capable of
capturing and releasing 1O2. The conversion of pyridone to
endoperoxide moieties under 650 nm light irradiation in the
presence of TPP photosensitizer was monitored by UV/Vis
spectra. The formation of 1O2-releasing endoperoxide-con-
taining PEP diblock copolymers was evidenced by the
absorbance decrease at 302 nm (Figure S17).[20] Upon incu-
bation of HF micelles with PEP block copolymers, sponta-
neous CO release was detected again even under dark
conditions (Figure 1 h). In addition, we found that TPP-Flav
micelles with extended 3-HF moieties underwent red light-
triggered CO release as well, suggesting a general procedure
for the activation of 3-HF derivatives (Figure 1 i). Also, we
analyzed the photolyzed product of HFM monomer in the
presence of TPP photosensitizer under 650 nm light irradi-
ation, revealing the formation of 2-(benzoyloxy)benzoic acid
derivatives by HRMS (Figure S18), which was identical to the
photolyzed product under UV light irradiation.[11e] Building
on the above results, we surmised that, under 650 nm light
irradiation, the excited TPP photosensitizer produced 1O2

Figure 1. a),b) TEM images and c) intensity-average hydrodynamic diameter distributions of TPP-HF micelles with 650 nm irradiation for 0–
120 min. d) UV/Vis spectra of TPP-HF micelles (0.1 gL�1) under 650 nm irradiation. e) Evolution of fluorescence emission spectra (lex = 490 nm)
of TPP-HF micelles with allyl-Flu probe (AFCO; 5 mM) and PdCl2 (5 mM) under 650 nm irradiation. f) CO release profiles of TPP-HF, TPP-CHF,
and HF micelles (0.1 gL�1) in PBS under varying irradiation conditions (650 nm, 26 mWcm�2 or 365 nm, 6.8 mWcm�2). g) Fluorescence intensity
of SOSG at 533 nm in the presence of TPP-HF, TPP-HF, and HF micelles (0.1 g L�1) with 650 nm irradiation (26 mWcm�2). h) CO release profiles
of DMF solution of HF (0.2 mgmL�1) in the presence of pre-irradiated PEP (1.0 mg mL�1) under dark condition. Pre-treated PEP was irradiated
with 650 nm light for 60 min in the presence of TPPM (0.2 mgmL�1). i) CO release profiles of TPP-Flav micelles (0.1 gL�1) in PBS under 650 nm
irradiation. In all cases, the irradiation intensity was 26 mWcm�2.
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within micellar nanoparticles, which in turn oxidized the 3-HF
moieties in close proximity within the cores, thereby trigger-
ing CO release under red light irradiation. Moreover, the
photooxidation process under red light irradiation (e.g.,
650 nm) gave rise to more efficient CO release in terms of
faster release kinetic and higher CO yield, which was quite
beneficial for potential biomedical applications with de-
creased phototoxicity and increased CO production.

Next, we investigated whether the CO-releasing micelles
had an antimicrobial capacity. Although irradiation of Gram-
positive S. aureus bacteria with 650 nm (26 mW cm�2) did not
affect the bacterial viability within 30 min (Figure 2a), we
found that the viability of S. aureus bacteria drastically
decreased (ca. 92%) after 10 min irradiation in the presence
of TPP-HF micelles, and no bacterial colonies were observed
after 20 min irradiation (Figure 2 a). Notably, although HF
block copolymer could release CO under 365 nm irradiation
(Figure 1 f), we found that both S. aureus and E. coli cells
were sensitive to 365 nm irradiation even at a very low light
intensity (e.g., 2.2 mW cm�2) for 20 min (Figure S19), which
was unfavorable for examining the antibacterial capacity of
CO due to the inherent phototoxicity. As such, the current
photooxidation strategy enabling CO release under 650 nm
irradiation was quite advantageous to evaluate the antimicro-
bial performance of CO due to decreased phototoxicity.

Notably, although TPP-CHF micelles produced cytotoxic
1O2 (Figure 1g), there was no appreciable bacterial death

after 10 min irradiation and only a mild decrease (ca. 20%) in
cell viability after 30 min irradiation (Figure 2a). Although
1O2 has been extensively used for bacterial killing,[21] the
compromised bactericidal effect of TPP-CHF was likely due
to the short working distance of 1O2 (e.g., ca. 10–20 nm). The
generated 1O2 had to diffuse out from the inner cores of TPP-
CHF micelles (ca. 60 nm in diameter, Figure S12) before
taking any action on bacterial killing,[22] which may surpass
the working distance of 1O2. Therefore, the micelle formula-
tion was advantageous not only for the photooxidation of 3-
HF moieties within micellar cores but also for minimizing the
interferences of 1O2. Notably, no antimicrobial capacity was
observed for HF micelles that released neither CO nor 1O2

under 650 nm light irradiation (Figure 1g). Moreover, TPP-
HF micelles showed a concentration-dependent bactericidal
performance under 650 nm light irradiation. Impressively, at
a micelle concentration of 0.025 g L�1, ca. 98% bacteria were
killed after 30 min irradiation, showing an excellent antimi-
crobial performance of TPP-HF micelles (Figure 2 b). By
sharp contrast, none of TPP-HF, TPP-CHF, or HF micelles
led to statistically significant decreases in bacterial viability of
E. coli after 650 nm irradiation for 30 min (Figure 2 c,d).
These results demonstrated that the CO-releasing micelles
exerted a selective antimicrobial property toward S. aureus
bacteria. However, previous studies revealed a broad-spec-
trum bactericidal effect of metal carbonyls toward both
Gram-positive and Gram-negative bacteria.[4a,d]

To understand the selective bactericidal effect of TPP-HF
micelles toward S. aureus cells, we examined the bactericidal
performance of pre-irradiated TPP-HF micelles, revealing
bacterial killing capacity toward neither S. aureus nor E. coli
(Figure S20). This result likely suggested that photo-triggered
CO release was crucial for the antibacterial performance.
However, we found that the incubation of S. aureus and E.
coli cells in saturated CO solution (ca. 1 mM; much higher
than that of the release CO contents) for 30 min did not
induce bacterial death, regardless of 650 nm light irradiation
(Figure S21), in line with previous results.[5] The contradictory
results revealed that the localized delivery of CO produced
distinct antibacterial outcomes in comparison with direct CO
administration. A similar phenomenon was also observed for
the discrepant antimicrobial performance between CO gas
solution and CO-releasing metal carbonyls.[4b,f,g]

Previous results demonstrated that the antimicrobial
effects of metal carbonyls primarily originated from the
accumulated metal ions in cells rather than released CO.[4b,7]

We then evaluated the bacterial internalization performance
of CO-releasing micellar nanoparticles. Zeta-potential meas-
urements revealed that TPP-HF, TPP-CHF, and HF micelles
were negatively charged with zeta potentials of�32,�21, and
�26 mV, respectively (Figure S22a). Upon incubation of both
S. aureus and E. coli bacteria with micellar nanoparticles, no
significant changes in zeta potentials were observed either
(Figure S22b). This was in sharp contrast to cationic polymer-
based antibacterial agents that exerted an antibacterial
activity by disrupting bacterial membranes through electro-
static interaction between negatively charged bacterial mem-
branes and positively charged polymers.[23] Interestingly,
albeit negatively charged, we found that TPP-HF micelles

Figure 2. a) Irradiation time-dependent bacterial viability of S.aureus
after treatment with TPP-CHF, HF, and TPP-HF micelles (0.1 gL�1)
with 650 nm light irradiation (26 mWcm�2) for 0–30 min, respectively.
## p<0.01, in comparison with the non-irradiated group; ** p<0.01,
*** p<0.001, in comparison with the non-irradiated group; n.s., not
significant. b) Bacterial viability of S.aureus in the presence of varying
concentrations of TPP-HF micelles with or without 650 nm light
irradiation 30 min (26 mWcm�2). *** p<0.001, **** p<0.0001, n. s.
not significant, in comparison with the PBS group with irradiation.
c) E. coli viability in the presence of TPP-CHF, HF, and TPP-HF
micelles (0.1 gL�1) with or without 650 nm light irradiation
(26 mWcm�2) for 30 min. n.s., not significant. d) Bacterial viability of
E. coli in the presence of varying concentrations of TPP-HF micelles
with or without 650 nm light irradiation 30 min (26 mWcm�2). n.s.,
not significant.
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could be selectively taken up by S. aureus, as evidenced by the
appearance of red fluorescence of TPP moieties within S.
aureus cells. Moreover, red light-triggered CO release within
S. aureus cells could be detected by the CO-specific AFCO
probe as well (Figure 3a).[19] Nevertheless, TPP-HF micelles
cannot be internalized into E. coli cells and no intracellular
CO release was detected (Figure 3b). The different bacterial
uptake performance was likely due to the distinct membrane
structures of S. aureus and E. coli cells.[24] Scanning electron
microscopy (SEM) revealed no remarkable changes in cell
morphologies for both S. aureus and E. coli (Figure 3c),
demonstrating that the selective bacterial killing performance
was not ascribed to the disruption of cellular membranes, in
agreement with the negatively charged nature of micellar
nanoparticles. Therefore, we concluded that the localized CO
release within S. aureus bacteria played a crucial role in
bacterial killing, while the detailed antimicrobial mechanism
needs to be further elucidated. Remarkably, the discrimina-
tive antibacterial capacity is advantageous for inhibiting the
development of drug resistance in bacteria.[25]

Giving that CO-releasing TPP-HF micelles can selectively
kill S. aureus cells under red light irradiation, we further
investigated the CO-releasing micelles for the treatment of
methicillin-resistant S. aureus (MRSA) infection in a full-
thickness skin wound model by taking advantage of the
multiple roles of CO in terms of bacterial eradication and
accelerating wound healing.[3] MRSA serves as the main
reason for skin infections and it may cause pneumonia and
other severe diseases, representing a huge threat to human
health.[26] In vitro antibacterial assay revealed that TPP-HF

micelles (0.1 gL�1) eradicated ca. 97 % MRSA cells after
30 min irradiation, whereas neither TPP-CHF nor HF under
otherwise identical conditions gave rise to statistically sig-
nificant decreases in bacterial viability (Figure S23). There-
fore, CO-releasing TPP-HF micelles could be potentially used
for the treatment of MRSA infection.

Next, skin wounds (ca. 5 mm in diameter) were made by
a surgical blade and the wounds were inoculated with MRSA
cells.[27] After 6 h of infection, the infected wounds were then
treated with PBS (negative control), vancomycin (positive
control), and TPP-CHF and TPP-HF micelles with or without
650 nm irradiation (Figure 4a). HF micelles released neither
CO nor 1O2 were excluded for in vivo antibacterial evaluation
(Figure 2). The wounds were treated with 25 mL of micelles
following light irradiation (650 nm, 30 min) once per day and
the infected areas were continuously monitored within 9 days
post-treatment. Notably, the wounds of the TPP-HF micelle-
treated group with irradiation completely healed after 9 days,
whereas other groups including vancomycin-treated one
showed unhealed wounds (Figure 4b,c). Moreover, the bac-
terial amounts on days 1, 3, and 5 post-treatment were
checked by standard colony-forming unit (cfu) count, reveal-
ing the least bacterial burden for TPP-HF micelle-treated
group (Figures 4d,e and S24), in good agreement with the
faster wound healing performance (Figure 4 b,c). In vitro
scratch assay further supported that the red light-triggered
CO release from TPP-HF micelles boosted the wound healing
(Figure S25), likely due to the inherent property of CO on
accelerating wound healing. Hematoxylin and eosin (H&E)-
and Sirius red-staining and CD31-immunostaining analysis

Figure 3. CLSM images of a) S. aureus and b) E. coli bacteria incubated with TPP-HF (0.1 g L�1) under varying conditions. The green channel was
excited at 488 nm and collected at 500–600 nm. The red channel was excited at 594 nm and collected at 630–700 nm. c) SEM images of S. aureus
and E. coli cells in the presence of TPP-HF, TPP-CHF, or HF micelles with or without 650 nm light irradiation for 30 min.
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revealed that TPP-HF micelles remarkably decreased the
infiltration of inflammatory cells, facilitating angiogenesis and

collagen deposition, showing better antibacterial and wound
healing performance than that of vancomycin and other

Figure 4. a) Experimental outline of in vivo antibacterial assessment in an MRSA-infected wound healing model. b) Representative skin wound
images at 1, 3, 5, 7, 9 days and c) Quantitative analysis of the residual wounded areas receiving different treatments (PBS, TPP-HF(-hv), TPP-
HF(+ hv), TPP-CHF(-hv), TPP-CHF(+hv), and vancomycin). *, p<0.05, **p<0.01, **** p<0.0001, compared with PBS group. d) Bacterial
colony-forming units obtained from different tissues of mice with varying treatments.***, p<0.001, ###, p<0.001, &&&&, p<0.0001, compared
with PBS groups on days 1, 3, 5, respectively. e) Photographs of bacterial colonies on the agar plates of the wounded tissues receiving PBS and
TPP-HF (+ hv) treatments. f) Histologic analysis of the MRSA-infected wounds receiving different treatments. The scale bar is 250 mm.
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control groups (Figure 4 f and S26). Besides, cell viability test
against normal mammalian cells (using mouse fibroblast L929
cells as an example) revealed that none of TPP-HF, TPP-
CHF, and HF micelles showed obvious toxicity at a micelle
concentration of 0.1 gL�1 (Figure S27). Moreover, hemolysis
assay demonstrated that the negatively charged TPP-HF,
TPP-CHF, and HF micelles did not lead to detectable
hemolysis either, regardless of 650 nm light irradiation (Fig-
ure S28). Therefore, the nonmetallic CO-releasing micelles
may provide an alternative strategy to combat MRSA
infection with low toxicity and hemolysis toward normal cells.

Conclusion

We have successfully developed a new strategy to activate
CO-releasing 3-HF moieties through a photooxygenation
mechanism, enabling CO release under red light irradiation.
This nonmetallic CO-releasing micelle eliminates the inter-
ference of transition metal ions, representing an ideal tool to
evaluate the antibacterial capacity of CO. Our results
suggested that the CO-releasing micelles could be selectively
taken up by S. aureus rather than E. coli cells, enabling
intracellular CO release under red light irradiation and
exerting a selective antimicrobial effect toward only S. aureus
bacteria. In vivo study revealed that the CO-releasing
micelles could be used for both eradicating MRSA pathogens
and accelerating MRSA-infected wound healing. This work
not only provides a new strategy to activate photoCORMs but
also sheds light on the crucial role of intracellular CO delivery
on antibacterial capacity.
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Red Light-Triggered Intracellular Carbon
Monoxide Release Enables Selective
Eradication of MRSA Infection

Metal-free CO-releasing micelles can be
selectively taken up by Gram-positive
bacteria, exerting a narrow-spectrum
bactericidal activity toward only Gram-
positive bacteria under red light irradi-
ation. The CO-releasing micelles synerg-
istically eradicate MRSA pathogens and
accelerate MRSA-infected wound healing.
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