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onal-modulation of m6A RNA
methylation in macrophages for efficient
eradication of intracellular bacteria†

Mengyu Sun,ab Jinsong Ren *ab and Xiaogang Qu *ab

N6-Methyladenosine (m6A) methylation plays a critical role in controlling the RNA fate. Emerging evidence

has demonstrated that aberrant m6A methylation in immune cells such as macrophages could alter cell

homeostasis and function, which can be a promising target for disease treatment. Despite tremendous

progress in regulating the level of m6A methylation, the current methods suffer from the time-

consuming operation and annoying off-target effect, which hampers the in situ manipulation of m6A

methylation. Here, a bioorthogonal in situ modulation strategy of m6A methylation was proposed. Well-

designed covalent organic framework (COF) dots (CIDM) could deprotect the agonist prodrug of m6A

methyltransferase, resulting in a considerable hypermethylation of m6A modification. Simultaneously, the

bioorthogonal catalyst CIDM showed oxidase (OXD)-mimic activity that further promoted the level of

m6A methylation. Ultimately, the potential therapeutic effect of bioorthogonal controllable regulation of

m6A methylation was demonstrated through intracellular bacteria eradication. The remarkable

antimicrobial outcomes indicate that upregulating m6A methylation in macrophages could reprogram

them into the M1 phenotype with high bactericidal activity. We believe that our bioorthogonal

chemistry-controlled epigenetics regulatory strategy will provide a unique insight into the development

of controllable m6A methylation.
Introduction

As the most prevalent and important chemical modication in
eukaryotes, the N6-methyladenosine (m6A) mRNA methylation
has drawn considerable attention. It is prominent for most
biological processes such as circadian rhythm,1 embryonic
development,2 cancer progression3–8 and stem cell self-
renewal.9–11 Notably, compelling evidence suggests that m6A
methylation has critical functions in the maintenance of
immune cell homeostasis and function.12–14 As an essential
component of the innate immune system, the phenotype and
dysfunction of macrophages are regulated by m6A methylation.
For instance, a low level of m6A methylation by deletion of
METTL3 has been reported to attenuate the antitumor ability
via inuencing macrophage reprogramming.15 Besides,
research validates that the disorder of m6A methylation in
macrophages by depleting METTL3 can depress their compe-
tence to defend against pathogens.16 Additionally, the studies of
Cao's group have implicated that inhibiting the demethylation
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of m6A in macrophages by deleting demethylase alkB homolog
5 (ALKBH5) can inhibit viral replication.17 In light of these, the
modulation of m6A methylation can be a promising therapeutic
strategy for disease treatment.18 Despite tremendous efforts
devoted to modulating m6A methylation, some thorny chal-
lenges still need to be tackled. For example, classical genetic
approaches such as knockouts/downs and mutations19–21 are
time-consuming to operate and costly to manufacture. Alter-
natively, the utilization of small molecule agents serves as
a common method to regulate m6A methylation.22–25 Neverthe-
less, it is oen awed in off-target and random distribution,
resulting in side effects. Although the light-controllable chem-
ical method holds the potential to modulate hypermethylation
of m6A,26–28 the inevitable phototoxicity and the shallow tissue
penetration depths impose additional obstacles to its applica-
tion in clinics. Therefore, it's urgent to develop an efficient and
convenient approach to in situ manipulate m6A methylation in
physiological environments.

Bioorthogonal chemistry has emerged as a booming tech-
nique for manipulating complicated biological processes in the
native environment, stimulating a wide range of research
interests.29–31 Given its merit of high selectivity, outstanding
efficiency and solid reliability, this powerful tool has been
widely used in complex biological conditions. For example, the
applications of bioorthogonal reactions in living systems revo-
lutionize the technique to label and manipulate intact
Chem. Sci., 2024, 15, 11657–11666 | 11657

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc03629h&domain=pdf&date_stamp=2024-07-20
http://orcid.org/0000-0002-7506-627X
http://orcid.org/0000-0003-2868-3205
https://doi.org/10.1039/d4sc03629h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc03629h
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015029


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/1
8/

20
26

 3
:1

6:
03

 P
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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
biomolecules of glycosylation, protein biophysics and other life
processes.32–38 In addition, some bioorthogonal cleavage reac-
tions have been developed for protein activation in their native
habitats, which offered a spatiotemporally controlled protein
activation strategy.39–42 Recently, bioorthogonal reactions have
been garnering considerable attention in therapeutic applica-
tions by generating imaging and therapeutic agents in situ.43–48

The bioorthogonal activation of prodrugs controls the genera-
tion of therapeutics in a locally constrained manner, which
avoids the traditional adverse effect of drugs. Collectively,
coupled with the features of controllable manner and minimal
adverse reactions, the bioorthogonal chemistry is feasible to
serve as an excellent candidate for in situ modulating RNA
modication.

Keep this in mind, herein we proposed a bioorthogonal
regulation strategy for m6A methylation (Scheme 1). In our
design, the bioorthogonal catalysis system (CIDM) was
composed of ferric porphyrin-based COF dots and modied
with mannose for targeting macrophages and synthesizing
prodrugs. This well-designed CIDM possessed ultrasmall size
and increased specic surface area, which enabled it to pene-
trate easily and catalyze effectively. The parent drug piperidine-
3-carboxylate (MPCH), which is an agonist of m6A writer
protein, methyltransferase-like 3 (METTL3)/methyltransferase-
like 14 (METTL14) complex protein,26,49 was chosen as
a model drug to mask with the aryl azide carbonate group. The
activity of pro-MPCH was rapidly in situ restored by CDM
nanocatalysts, resulting in a considerable hypermethylation of
m6A modication in transcriptome RNAs. Interestingly, the
constructed CIDM displayed OXD-mimic activity, which could
facilitate the modulation of m6A methylation.50–52 As a proof of
concept, we applied this strategy to reprogram macrophage
Scheme 1 (a) Schematic representation of the formation of CIDM. (b)
Schematic illustration of CIDM for regulation of m6A methylation in
macrophages by bioorthogonal catalysis prodrug activation and
generation of ROS, which can reprogram macrophages into the M1-
type and eradicate pathogenic bacteria.

11658 | Chem. Sci., 2024, 15, 11657–11666
polarization into the bactericidal M1 phenotype for efficient
bacterial ablation.15,16,53,54 Such a bioorthogonal chemistry-
controlled epigenetics regulatory strategy could achieve a maxi-
mized treatment outcome and a minimized drug side effect,
which provided an important insight into the development of in
situ controllable m6A methylation.
Results and discussion

To validate our protocol, the nanocatalyst CIDM was synthe-
sized through three steps. At rst, COFe was synthesized based
on our previous report.47 The Fourier transform infrared (FTIR)
results conrmed the successful synthesis of COFe, as evi-
denced by the disappearance of N–H stretching bonds
(3357 cm−1) and the formation of C]O stretching bonds
(1606 cm−1) (Fig. 1a).55 Besides, the existence of the Fe element
in synthesized COFe was conrmed by energy-dispersive spec-
troscopy (EDS, Fig. S1†). Subsequently, the COF nanodots were
prepared by ultrasonic dispersion. As illustrated in Scheme 1a,
the strategy consisting of water bath sonication and ultrasound
probe sonication was utilized to exfoliate bulk COFe (denoted as
CID). X-ray photoelectron spectroscopy (XPS) was carried out to
analyze the mechanism of the structural transformation. Fig.
S2† shows the N 1s outcome of CID. The peak at 398.54 eV was
related to the four N atoms coordinated to the central Fe. The
component located at 400.05 eV was consistent with pyrrolic
groups. The spectrum of CID showed the nitrogen in proton
NH3+ (401.65 eV).56,57 It was supposed that most of the relatively
unstable hemiaminal structures and part of the imine bonds in
COFe were fractured into NH3+ by ultrasonic waves. Further-
more, the FITR spectra of CID showed the stretching bands of
N–H at 3357 cm−1 and C]O at 1606 cm−1, also proving that the
imine bonds partly fractured into NH3+ (Fig. 1a). Aerward, to
enhance the application of the CID nanocatalyst in
Fig. 1 (a) FTIR spectra of FeTAPP, COFe and CID. (b) XPS analysis of
CIDM. (c) TEM image of CIDM. Inset: image of individual CIDM. (d)
Diameter distribution measured from the TEM image of CIDM.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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physiological environments, poly(ethylene glycol) (PEG)-
mannose was further employed to decorate the surface of the
COF nanocatalyst (denoted as CIDM NCs). The P element
appeared in the XPS spectrum of CIDM, suggesting that the
modication with DSPE-PEG-mannose was successful (Fig. 1b).
In addition, transmission electron microscopy (TEM) was
further utilized to characterize CIDM (Fig. 1c). The CIDM
showed average sizes of 2.63 nm as observed under the TEM
image (Fig. 1d). Thanks to the modication with PEG, the CIDM
nanocatalyst displayed complete dispersion and good stabili-
zation in different physiological solutions (Fig. S3†). Aer
dispersing in phosphate buffered saline (PBS, 10 mM), Dul-
becco's modied Eagle medium (DMEM) and fetal bovine
serum (FBS) for 24 h, the CIDM exhibited high stability without
agglomeration.

Motivated by the successful synthesis of CIDM, we investi-
gated its catalytical performance. In the rst place, the reaction
of de-caging the rhodamine 110 derivative (pro-RH 110) was
carried out to evaluate the ability of CIDM to catalyze bio-
orthogonal reactions (Fig. 2a, S4 and S30†). The synthesis of the
azide bond effectively quenched the uorescence of rhodamine
110, enabling the monitoring of the deprotection reaction
triggered by the CIDM nanocatalyst.58 Fig. S5† shows that pro-
RH 110 alone had almost no uorescence. Upon the addition
of CIDM to pro-RH 110 for 24 h, the sample emitted green
uorescence, indicating that RH 110 was produced (Fig. S6†).
Next, we investigated the differences in catalytic performance
among CID, CIDM and bulk COFe (Fig S7†). As expected, there
was no obvious difference in catalytic activity between CID and
CIDM, reecting that the modication with PEG and mannose
Fig. 2 (a) Schematic representation of deprotection catalyzed by
CIDM. Fluorescence spectra at different times (0–24 h) of (b) pro-RH
110 + NaAsc and (c) pro-RH 110 + CIDM + NaAsc, and the related
photograph of the reaction is in the inset of the figure. (d) Fluorescence
intensity of the released RH 110 at different times (0–24 h). With CIDM,
groups (green line) are CIDM + pro-RH 110 + NaAsc. Without CIDM,
groups (orange line) are pro-RH 110 + NaAsc. Experimental condi-
tions: CIDM (50 mgmL−1), pro-RH 110 (10 mM) and 5mMNaAsc. RH 110
(lex = 488 nm, lem = 530 nm).

© 2024 The Author(s). Published by the Royal Society of Chemistry
did not affect the catalytic activity. Surprisingly, the catalytic
activity of the CID was higher compared to bulk COFe. We
attributed this to the ultrasmall size and increased specic
surface area of the CID nanocatalyst. These admirable charac-
teristics enable it to increase electron transfer and expose more
active sites, which accelerates the catalytic performance.
Further, CIDM exhibited brilliant bioorthogonal catalytic
activity in a dose-dependent manner according to the change of
uorescence intensity at 530 nm (Fig. S8†). To determine the
catalytic efficiency and the kinetic process of CIDM, we recorded
the changes in the uorescence spectrum of pro-RH 110 treated
with the catalysts. The results conrmed that the uorescence
of RH 110 gradually increased over time with the help of the
CIDM catalyst (Fig. 2b–d). Moreover, the catalytic performance
of CIDM remained good under different reaction conditions
(Fig. S9†). Overall, the above results conrmed that the
designed CIDM possessed remarkable catalytic performance,
laying the foundation for subsequent research on intracellular
prodrug activation and m6A methylation modulation.

Having conrmed the bioorthogonal catalytic capability of
CIDM, we further explored the intracellular behaviors by using
the RAW264.7 (mouse leukemia cells of monocyte macro-
phages) cell as a model cell. As a premise, the quantitative
detection of uptake rates between COFe, CID and CIDM was
performed by confocal laser scanning microscopy (CLSM) and
ow cytometry. According to Fig. S10,† CID with ultrasmall size
penetrated cells more easily than bulk COFe. In addition,
confocal images showed that the uptake of CIDMwith mannose
modication by the macrophages was more efficient in contrast
to CID (Fig. S10†).59 Besides, a similar trend was observed in the
quantitative detection of uptake rates using ow cytometry (Fig.
S11†). Subsequently, the methyl thiazolyl tetrazolium (MTT)
assay was carried out to measure the cytotoxicity of CIDM. Fig.
S12† reveals that CIDM exhibited good biocompatibility, as
more than 80% of RAW264.7 cells maintained vitality at
a concentration of 200 mg mL−1 aer 48 h. Following that, we
examined the catalytic ability of CIDM to activate the cleavage
reaction by using rhodamine 110 (RH 110) as a substrate
(Fig. 3a). Fluorescence images showed that the cells incubated
with CIDM + pro-RH 110 exhibited stronger green uorescence,
while little to no uorescence was observed in control groups
(Fig. 3c and S13†). In addition, the ow cytometric analysis was
consistent with the uorescence imaging result (Fig. 3b and d).
The mean uorescence intensity (MFI) in Fig. 3d showed that
the uorescence intensity of the CIDM + pro-RH 110 group was
5.2-fold higher than that of the pro-RH 110 group. These results
proved the remarkable catalytic performance of CIDM in vitro.
Overall, CIDM NCs not only exhibited excellent targeting ability
to macrophages, but also owned the characteristic of catalytic
ability.

Based on the admirable qualities of CIDM, the deprotection
capability of CIDM NCs to activate prodrugs was explored. It is
reported that the piperidine ring from piperidine-3-carboxylate
(MPCH) could arise frommultiple cooperative interactions with
m6A writer METTL3/14 complex protein, thus serving as an
agonist for m6A methylation regulation.49 In the following, we
chose MPCH as a model drug and synthesized the MPCH
Chem. Sci., 2024, 15, 11657–11666 | 11659
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Fig. 3 (a) Schematic representation of the CIDM-mediated cleavage
reaction in RAW264.7 macrophage cells. The flow cytometry analysis
of (b) fluorescence changes and (d) MFI after different treatments. Data
are presented as mean ± s.d. (n = 3). (c) The fluorescence images of
RAW264.7 cells after various treatments. Scale bar= 50 mm. The nuclei
are stained by DAPI. The quantitative analysis of (c) is shown in Fig.
S13.† RAW264.7 cells are pre-incubated with CIDM (50 mg mL−1) for
12 h, then incubated with a medium containing pro-RH 110 (20 mM)
and 5mMNaAsc for another 12 h. Data are presented as mean± s.d. (n
= 3). ****p < 0.0001.
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prodrug (pro-MPCH) by blocking the functional N–H group on
MPCH with an aryl azide carbonate unit (Fig. S31 and S32†).58,60

At rst, mass spectrometry (MS) was used to detect the intra-
cellular activation of MPCH by CIDM NCs. Fig. S14B† conrms
that pro-MPCH was de-caged with the catalysis of CIDM. Then,
the MTT assay was carried out to determine that the activated
drugs did not affect the cell growth of RAW264.7 cells (Fig.
S15†). Subsequently, to determine the function of activated pro-
MPCH, the m6A methylation in macrophages treated with
CIDM NCs and pro-MPCH was measured by RNA dot blot
analysis. As shown in Fig. 4a and b, the pro-MPCH treated group
almost did not affect m6A methylation in contrast to the control
group. This phenomenon showed that the masking group
completely covered the function of MPCH. It was worth noting
that the RAW264.7 cells treated with pro-MPCH + CIDM NCs
performed the highest level of m6A methylation, even higher
than the MPCH-treated group. Additionally, the m6A modica-
tion level was further investigated by the ELISA assay (Fig. S16†).
There was no doubt that the RAW264.7 cells showed a signi-
cant increase in the m6A modication level aer stimulation
with pro-MPCH + CIDM NCs. Surprisingly, we noticed that the
m6A modication level was elevated in the presence of CIDM
compared to the PBS-treated group. Research demonstrated
that reactive oxygen species (ROS) could signicantly induce
m6A levels.50–52 To determine the ability of CIDM to generate
ROS, we observed the change of absorption at 652 nm in the
presence of the substrate 3,30,5,50-tetramethylbenzidine (TMB).
The absorption increased aer the addition of CIDM, proving
that CIDM possessed the activity to produce ROS (Fig. S17†).
This phenomenon further implies that CIDM NCs with OXD-
11660 | Chem. Sci., 2024, 15, 11657–11666
mimic properties could modulate m6A methylation to
a certain degree. Meanwhile, the activity of CIDM increased
rapidly with increasing concentration (Fig. S18†). Besides, as
shown in Fig. S19–S21,† the enzyme-like activity was dependent
on pH, temperature, and TMB concentration. Next, to investi-
gate the OXD-mimic properties of CIDM in living cells, the
intracellular ROS was measured using a 2,7-dichlorodihydro-
uorescein diacetate (DCFH-DA) probe, which would be
oxidized to 2,7-dichlorouorescein (DCF) with strong green
uorescence. Fig. S22† depicts that the green uorescence in
CIDM-treated RAW264.7 cells increased in a concentration-
dependent manner, demonstrating that the OXD-like activity
of CIDM could generate ROS in RAW264.7 cells. Together, all
these data conrmed our strategy that the masked agonist pro-
MPCH could be revivied to modulate m6A methylation
through the CIDM NC catalyzed biorthogonal cleavage reaction.
Meanwhile, CIDM NCs with OXD-mimic activity could generate
ROS. The generation of ROS and the activated drug synergisti-
cally promoted the hypermethylation of m6A modication.

Next, we investigated the effect of elevated m6A methylation
on macrophage polarization into the M1 phenotype.15,16 The
expression of surface biomarkers and the secretion of cell
cytokines in the treated macrophages were detected by ow
cytometry analysis, qPCR assay and ELISA assay, respectively
(Fig. 4c and d). During the experiment, the RAW264.7 cells were
reshaped into the M2 phenotype by IL-4.61 As is well known, the
upregulation of CD86 served as a surface biomarker for M1-type
macrophages, while the upregulation of CD206 served as
a surface biomarker for M2-type macrophages. As depicted in
Fig. 4d, the populations of CD206 and CD86 on RAW264.7 cells
from the pro-MPCH treated group were almost consistent with
the group only treated with PBS. Post-treatment with CIDM
NCs, the population of CD206 on macrophages decreased and
CD86 increased in contrast to the control group. These results
are attributed to the production of ROS, which promoted the
phenotypic polarization of macrophages by inducing upregu-
lation of m6A methylation. Notably, the expression of CD206 in
the CIDM NCs + pro-MPCH treated group was most down-
regulated, while the expression of CD86 was extremely
promoted. The CD86 biomarker in the CIDM NCs + pro-MPCH
treated group was approximately 58.8%, which was 4.63-fold
higher than that of the prodrug-treated group. In addition, the
qPCR assay was executed to evaluate the secreting levels of
cytokines including Arg I, IL-10 and iNOS, TNF-a, correspond-
ing to M2 phenotypic related genes and M1 phenotypic related
genes (Fig. 4c). Aer pretreating macrophages with IL-4, the
CIDM NCs combined with the pro-MPCH group showed
a signicantly increased level of iNOS and TNF-a secretion.
Meanwhile, the levels of Arg I and IL-10 decreased compared to
the other groups. Furthermore, ELISA assays were conducted to
test the generation levels of M1 markers IL-6 and IL-1b. Fig.
S23† illustrates that the IL-6 and IL-1b secretion elevated
signicantly aer CIDMNCs + pro-MPCH stimulation. All of the
above evidence demonstrated that post treatment with CIDM
NCs and pro-MPCH, the macrophages could re-differentiate
into the M1 phenotype through the in situ restoration of MPCH
combined with the production of ROS. Since the m6A
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc03629h


Fig. 4 (a) Determination of m6A abundance in RAW264.7 cells and (b) the gray value analysis after various treatments by the dot blot assay. (c)
Relative mRNA level of M1-related genes (iNOS and TNF-a) and M2-related genes (Arg I and IL-10) measured by real-time qPCR. Data are
presented as mean ± s.d. (n = 3). (d) Flow cytometry analysis of the proportion of CD206 and CD86 in macrophages after different treatments.
RAW264.7 cells were pre-incubated with IL-4 (25 ng mL−1) for 12 h and then divided into five groups: A: PBS, B: pro-MPCH, C: CIDM, D: MPCH
and E: CIDM + pro-MPCH. Experimental conditions: CIDM (50 mg mL−1), pro-MPCH (100 nM), 5 mMNaAsc. Data are presented as mean± s.d. (n
= 3). *P < 0.05, **P < 0.01.
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enhancement potentiated M1-type macrophages, we further
determined the factor driving the polarization of macrophages.
The expression level of STAT1 was measured by qPCR, where
STAT1 is one of the major transcriptional regulators of M1
macrophage polarization.15,62 Fig. S24† shows that the treat-
ment with CIDM and pro-MPCH markedly increased the
expression of STAT1 mRNA. Furthermore, the upregulation of
m6A methylation greatly increased the expression of STAT1
protein as well (Fig. S25†), indicating that bioorthogonally
modulated m6A mainly affected the mRNA levels of STAT1 to
further upregulate protein levels. In a word, these results sug-
gested that M1 macrophages might be polarized by the upre-
gulation of STAT1 mRNA and STAT1 protein.

Given the potent ability of CIDM NCs to polarize macro-
phages, we veried the bactericidal ability of repolarized M1-
type macrophages. As reported in the literature, M1 macro-
phages can efficiently eradicate pathogenic bacteria through
phagocytosis and killing actions.16,53,54,63 To determine the effect
of different treatments on the phagocytosis of macrophages,
a common reagent, the neutral red reagent was used to test the
phagocytic function of macrophages.61 Fig. S26† shows the
absorption at 540 nm of macrophages aer various treatments.
The absorption of group E treated with CIDM NCs + pro-MPCH
was the highest compared to the other groups, indicating the
enhanced phagocytosis of treated macrophages. Then, we
© 2024 The Author(s). Published by the Royal Society of Chemistry
determined the effect of different manipulations on the
phagocytosis of Methicillin-resistant Staphylococcus aureus
(MRSA) by RAW264.7 macrophages by CLSM and ow cytometry
(Fig. 5a–c). Fluorescence co-localization images displayed the
distribution of bacteria, the DNA of RAW264.7 cells and bacteria
was stained with DAPI, and the cellular outline was marked by
the white dashed circles (Fig. 5a).64,65 Among these manipula-
tions, the phagocytosis of macrophages from group E was more
pronounced at a multiplicity of infection (MOI) of 20. The ow
cytometry analysis could observe the outcome more intuitively
(Fig. 5b and c). The amount of MRSA engulfed by RAW264.7 in
the CIDM NCs + pro-MPCH treated group was 6.79-fold more
than that of the PBS-treated group. All these data showed
a consistent result with the phagocytic ability of macrophages.
Besides, we conrmed that the chemicals used did not affect
bacterial survival (Fig. S27†). Next, we investigated the intra-
cellular survival of MRSA to assess the bactericidal activity of
post-treatment macrophages. Based on the images of colony
counting experiments, the viability of MRSA treated with CIDM
NCs alone decreased slightly, which might be due to the
generated ROS re-educated macrophages into the antibacterial
M1 phenotype by upregulating m6A methylation (Fig. 5d and e).
Remarkably, group E treated with CIDM NCs + pro-MPCH dis-
played the strongest inhibitory capability against intracellular
bacteria, and the percentage inhibition dramatically decreased
Chem. Sci., 2024, 15, 11657–11666 | 11661
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Fig. 5 (a) CLSM images, (b) flow cytometry analysis and (c) MFI of MRSA-engulfed RAW264.7 cells (MOI= 20) after treatment with A: PBS, B: pro-
MPCH, C: CIDM, D: MPCH and E: CIDM + pro-MPCH, respectively. RAW264.7 cells were pre-incubated with IL-4 (25 ng mL−1) for 12 h. The
cellular outline is circled with a white dashed line. DAPI stained the DNA of RAW264.7 cells and bacterial cells. The small blue dots are MRSA as
indicated by yellow arrows. The large blue dots are macrophage nuclei. Scale bar = 10 mm. (d) Intracellular percentage survival of MRSA in cells
and (e) corresponding photographs of MRSA colonies after various pretreatments. Experimental conditions: CIDM (50 mg mL−1), pro-MPCH (100
nM), 5 mM NaAsc. Data were presented as mean ± s.d. (n = 3). **P < 0.01, ***P < 0.001, ****p < 0.0001.
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to 7.02% (Fig. 5d). The results identied the excellent bacteri-
cidal capacity of the bioorthogonal catalysis system. Reports
demonstrated that reactive oxygen species (ROS) are a crucial
component of the antimicrobial activity of macrophages. Then
the secretion of ROS in macrophages aer different treatments
was detected. Fig. S28† conrms that macrophages generated
a large number of ROS aer being treated with CIDM + pro-
MPCH compared to the PBS group. To further conrm that
bacteria are primarily killed by re-educatedmacrophages via the
production of ROS, a commonly used thiol-containing ROS
scavenger N-acetyl cysteine (NAC) was chosen in the following
experiment.66,67 The NAC scavenges oxidants by triggering
intracellular H2S and sulfane/sulfur production.68,69 As shown in
Fig. S29,† over 80% of the bacteria survived aer being treated
with NAC, implying that suppressing ROS generation affected
the bactericidal ability of re-educated macrophages. Conse-
quently, the above results testied that our bioorthogonal
catalysis strategy was a promising method to in situ regulate
11662 | Chem. Sci., 2024, 15, 11657–11666
m6A methylation and repolarize macrophages, minimize side
effects, and eliminate intracellular bacteria.

Conclusion

In summary, we proposed and successfully constructed a bio-
orthogonal catalysis system, which enables controlled manip-
ulation of m6A modication and minimizes drug side effects.
This prepared CIDM performed easy penetration and effective
catalysis due to the characteristics of ultrasmall size and large
specic surface area. By modifying with mannose, the well-
designed nanocatalyst selectively accumulated in macro-
phages and activated the prodrug in situ, avoiding the unpre-
dictable consequences of affecting the methylation levels in
other cells. Additionally, the nanocatalyst displayed OXD-like
activity further enhancing the level of m6A methylation. In
vitro antimicrobial results proved that controllable in situ m6A
methylation modulation via agonist activation and ROS gener-
ation could polarize macrophages into the M1-type and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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effectively eliminate bacteria. Recently, the METTL3 inhibitor
STC-15 has entered clinical trials (NCT05584111),70 highlighting
the exciting potential of regulating m6A methylation in clinics.
Given the desirable antimicrobial effects of the designed
strategy, we think that this in situ modulation of RNA methyl-
ation, which enhances overall methylation levels, is meaningful
and holds therapeutic potential. Although still in its infancy, we
believe our bioorthogonal chemistry-controlled strategy will
offer a new perspective for in situ controllable modulation of
m6A methylation.
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