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Cell wall-deficient bacteria (CWDB) are key contributors to antimicrobial resistance (AMR), enabling
persistent infections by evading antibiotics through their transition to L-form states. Therefore, molecular
tools for detecting L-form conversion and AMR mechanisms are crucial for developing novel strategies
against bacterial infections. Herein, we present the development of small-sized, peptidoglycan-specific
fluorogenic probes employing a two-step bioorthogonal strategy that enables real-time visualization of
CWDB formation. Tz-FL-S rapidly reacts with the novel p-alanine derivative TCO-p-Ala at a rate of (2.61
+ 0.07) x 10°> M~? 571 resulting in a 4.9-fold increase in fluorescence intensity. This platform exhibited
excellent labeling of peptidoglycan in both Gram-positive and Gram-negative bacteria (signal-to-noise

) 02 ratio: 15 to 305), effectively capturing the transition from N-form to L-form. Furthermore, we
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Accepted 30th May 2025 investigated the impact of 14 kinds of antibiotics on L-form conversion and found 13 of them induced

CWDB. Besides, we explored the relationship between L-form conversion and AMR. This research

DOI: 10.1039/d55c01586¢ enhances our understanding of bacterial adaptations and resistance mechanisms, paving the way for
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Introduction

Antimicrobial resistance (AMR) has emerged as a major chal-
lenge to global public health.® Recent studies have identified
cell wall-deficient bacteria (CWDB) as one of the key contribu-
tors to AMR,** frequently causing chronic and recurrent clinical
infections.*® Under survival pressures, some bacteria partially
or completely lose their cell walls, converting to a cell wall-
deficient (L-form) state.® This adaptation allowed them to
evade cell wall-targeting antibiotics, such as B-lactams, making
L-form bacteria resistant to many conventional treatments.”
Moreover, research showed that CWDB could even evade phage
therapy,®**° further complicating treatment strategies. A deeper
understanding of the biological characteristics of CWDB and
the molecular mechanisms underlying the transition from
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innovative strategies to combat drug-resistant infections.

normal (N-form) to cell wall-deficient (L-form) bacteria—
including when, why, and how this transition occurred is
crucial for developing innovative antibacterial strategies and
reversing the rising trend of antimicrobial resistance. Bacterial
cell wall defects are typically visualized and analyzed using
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM)."*™** Besides, phase contrast microscopy has
been also employed to observe the L-form conversion.**
However, SEM and TEM are limited by complex sample prepa-
ration, high equipment costs, and the inability to visualize live
bacteria, and phase contrast microscopy lacks the spatial reso-
lution for observing peptidoglycan. In contrast, confocal laser
scanning microscopy (CLSM) offers advantages such as high
sensitivity and excellent spatial and temporal resolution,"***
making it a promising tool for monitoring the conversion of L-
form bacteria in live cells. Despite the progress of AMR sensing
technologies,'**® the development of effective fluorescent
probes capable of visualizing the transition from N-form to L-
form bacteria in real time remains a significant challenge.
The unique structure of the bacterial cell wall, particularly the
outer membrane barrier in Gram-negative bacteria, blocks the
penetration of conventional fluorescent probes into live cells.”®
Therefore, developing novel probe design strategies that allow
for specific and efficient labeling of both Gram-positive and
Gram-negative bacterial cell walls is crucial. When combined
with modern fluorescence imaging techniques, these probes
would enable the real-time visualization of CWDB and the
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transition from N-form to L-form, providing valuable insights
into bacterial physiology and offering potential opportunities
for addressing antimicrobial resistance.

Peptidoglycan (PGN), a key component of the bacterial cell
envelope in both Gram-positive and Gram-negative bacteria, is
essential for maintaining cell wall structural integrity.>** The
use of p-amino acid derivatives for metabolic labeling of
bacterial peptidoglycan, as first demonstrated by Prof. Bertozzi
and others, is an effective approach.*** However, the labeling of
peptidoglycan in Gram-negative bacteria remains a challenge
because their outer membrane acts as a strong barrier that
limits the entry of external compounds, including chemical
probes.”® The large size of these probes further reduces their
ability to accumulate inside the cells. Consistently, studies have
shown that p-alanine derivatives used for metabolic labeling
have difficulty penetrating Gram-negative bacterial cells.*®*” In
this work, we developed small-sized, peptidoglycan-specific
fluorogenic probes to enable real-time visualization of CWDB.
Given that small-molecular-weight compounds penetrate
bacterial cell walls more effectively,>*® we employed the two-
step bioorthogonal strategy to minimize probe size (Scheme
1A). This approach deconstructed the traditional one-step
fluorescent probe into two smaller components: a p-alanine
trans-cyclooctene (TCO) derivative as an anchor and a tetrazine-
tagged fluorophore. During bacterial biosynthesis, TCO-p-Ala
metabolically incorporates at the terminus of the stem peptides
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in PGN,” while the tetrazine moiety quenches fluorescence
until it undergoes a click reaction with PGN, activating the
fluorophore at the bacterial cell wall and enabling no-wash
fluorescence imaging. We synthesized clickable probes with
various fluorophores, and after screening and optimization, Tz-
FL-S exhibited excellent labeling of PGN, successfully capturing
the transition from N-form to L-form. Furthermore, we inves-
tigated the influence of various antibiotics on L-form conver-
sion and explored the relationship between CWDB and
antimicrobial resistance. Notably, by comparing the L-form
conversions of drug-susceptible and drug-resistant strains, we
found that antimicrobial resistance delayed bacterial L-form
conversion, likely due to the increased antibiotic tolerance of
drug-resistant strains (Scheme 1B). This research provides
valuable insights into bacterial physiological adaptations and
resistance mechanisms, contributing to the development of
new strategies to combat drug-resistant bacterial infections.

Results and discussion
Design and synthesis of probes

In designing targeted molecules derived from p-amino acids, we
employed trans-cyclooctene as the click handle, linking it to the
p-alanine structure to obtain TCO-p-Ala. We then synthesized
a series of tetrazine-tagged clickable probes with various fluo-
rophores: the Cy7-based probe Tz-CY, the naphthalimide-based
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Scheme 1 Probe design and applications. (A) Design, chemical structures and sensing mechanism of TCO-b-Ala, Tz-CY, Tz-NA, Tz-FL, and Tz-
FL-S in the Gram-positive and Gram-negative bacteria. (B) Tz-FL-S with TCO-p-Ala enabled visualization of L-form conversion, studies on the
impact of various antibiotics on CWDB formations, and the relationship between L-form conversion and AMR.
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probe Tz-NA and the fluorescein-based Tz-FL. Cyanine dye was
chosen for its near-infrared (NIR) emission, which allows
deeper tissue penetration and reduced background auto-
fluorescence for in vivo imaging.** Naphthalimide-carbazole
fluorophore was selected for its two-photon excitation capability
and thermally activated delayed fluorescence (TADF), making it
well-suited for both two-photon and time-resolved imaging.**
Fluorescein was chosen for its high quantum yield, good water
solubility, and proven biocompatibility.*> We further reduced
the molecular weight of Tz-FL, resulting in the development of
Tz-FL-S, which optimized its labeling efficiency and ensured
robust performance in complex biological environments.

The main synthesis is outlined in Scheme S1.} The targeted
p-alanine derivative, TCO-p-Ala, was synthesized by reacting the
active p-nitrophenyl esters of ¢trans-cyclooctene with modified p-
Ala, followed by a deprotection step. Subsequently, we synthe-
sized the tetrazine intermediate, compound 6, according to
relevant literature.®® Using this intermediate, we then conju-
gated it with cyanine, naphthalimide, and fluorescein through
1-2 substitution and coupling reactions to obtain the probes Tz-
CY, Tz-NA, and Tz-FL, respectively. Finally, we synthesized
a smaller probe, Tz-FL-S, using a simplified tetrazine fragment,
compound 15.** The detailed synthetic procedures and analyt-
ical data for the compounds are provided in the ESL{

The “off-on” fluorescence of Tz-CY, Tz-NA, and Tz-FL

Firstly, we examined the spectral responses of Tz-CY, Tz-NA,
and Tz-FL upon reacting with TCO-p-Ala in pH 7.4 phosphate-
buffered saline (PBS). As shown in Fig. S1,} the absorption
spectra of the three probes exhibited minimal changes after
their reaction with TCO-p-Ala, indicating that there was no
significant alteration in the chromophore structure. As ex-
pected, all three probes demonstrated a pronounced quenching
effect of the tetrazine moiety on the chromophore (Fig. 1). Upon
the addition of TCO-p-Ala in PBS, the fluorescence intensity of
Tz-CY and Tz-FL increased by 7.2-fold at 764 nm and 7.4-fold at
520 nm, respectively (Fig. 1A and D). In contrast, Tz-NA
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exhibited only a slight fluorescence recovery, which could be
attributed to its high lipophilicity potentially inducing aggre-
gation in PBS, thereby diminishing its reactivity with TCO-p-Ala
(Fig. 1B). To investigate this hypothesis, we subsequently per-
formed a reaction between Tz-NA and TCO-p-Ala in dimethyl
sulfoxide (DMSO). The results indicated a favorable reaction in
this solvent, with Tz-NA's fluorescence intensity recovering by
up to 21-fold at 590 nm (Fig. 1C). Liquid chromatography-mass
spectrometry (LC-MS) analysis further confirmed that the
probes Tz-CY, Tz-NA, and Tz-FL could efficiently undergo bio-
orthogonal reactions with TCO-p-Ala, yielding the correspond-
ing products.

Labeling discriminations on Gram-positive and Gram-
negative bacteria

Subsequently, we employed S. aureus ATCC 29213, E. coli ATCC
25922, and B. subtilis ATCC 6633 as models to assess the
labeling efficacy of our probes for both Gram-positive and
Gram-negative bacteria.”* The treated group was treated with
1 mM TCO-p-Ala, whereas the control group received no treat-
ment with TCO-p-Ala. After reaching the logarithmic growth
phase, bacteria were subjected to secondary labeling with Tz-
CY, Tz-NA, and Tz-FL respectively. As shown in Fig. 1E, in the
treated group, Tz-CY demonstrated labeling capability on Gram-
positive bacteria, including S. aureus and B. subtilis (Fig. S21);
however, it failed to achieve specific labeling toward TCO-p-Ala,
as indicated by fluorescence in the control group. This lack of
specificity may be due to the predominantly negatively charged
surfaces of bacteria, which attract cations and result in non-
specific adsorption that hinders specific labeling of the cell
wall.** Additionally, Tz-CY showed poor labeling of the Gram-
negative E. coli, suggesting limited penetration through the
outer membrane. Tz-NA displayed no significant labeling on
any of the bacterial strains, likely due to its poor solubility
(Fig. 2F). In contrast, Tz-FL produced bright labeling in both
Gram-positive strains, but showed weak labeling effect on E. coli
(Fig. 2G and H). Overall, our results indicate that Tz-CY and Tz-
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Fig.1 The labeling properties of probes. Fluorescence spectra of Tz-CY (A), Tz-NA (B and C), and Tz-FL (D) before and after reacting with TCO-
p-Ala. Fluorescence images and analysis of bacterial labeling using Tz-CY (E), Tz-NA (F), and Tz-FL (G and H) with (treated) or without (control)
the incorporation of TCO-p-Ala in S. aureus and E. coli. Scale bar: 5 um. Data are represented as mean + SD and analyzed using a two-tailed
Mann-Whitney U test. n = 20, ns, no significance; P < 0.05, ****P < 0.0001.
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NA did not meet the expected labeling efficacy for TCO-p-Ala in
the bacterial PGN, while the better Tz-FL effectively imaged
Gram-positive bacteria but struggled with Gram-negative
bacteria, likely due to the additional outer membrane that
necessitates improved probe penetration.***”

Optimized Tz-FL-S had a better performance than Tz-FL

To enhance penetration in Gram-negative bacteria, we synthe-
sized a smaller probe, Tz-FL-S, using a simplified tetrazine
fragment (Fig. 2A). Spectral response analysis of Tz-FL-S
revealed similar absorbance curves before and after incubation
with TCO-p-Ala (Fig. S3AT). Notably, the tetrazine moiety
maintained a significant quenching effect on fluorescein.
Following the reaction with TCO-p-Ala, the fluorescence inten-
sity increased by 4.9-fold at 520 nm (Fig. 2B), and LC-MS anal-
ysis confirmed the presence of bioorthogonal products
(Fig. S3BY).

To investigate the fluorescence quenching mechanism, we
conducted density functional theory (DFT) and time-dependent
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DFT (TD-DFT) calculations on Tz-FL and Tz-FL-S. The results
aligned well with the Energy Transfer to a Dark State (ETDS)
quenching mechanism (Fig. S4A and Bt).*® Our calculations
demonstrated that the excited-state energy transferred from the
fluorophore to the tetrazine moiety, followed by internal
conversion to the low-energy dark state (S;) of tetrazine, ulti-
mately returning to the ground state through non-radiative
decay processes. The click reaction with the tetrazine group
disrupted ETDS process, restoring fluorescence emission from
the fluorophores. Specifically, Tz-FL-S exhibited a low-lying dark
state (S;) with a negligible oscillator strength (f = 0.005). After
the reaction with TCO-p-Ala, photoexcitation from S, to S; was
primarily driven by the w — 7* transition of the fluorophore
moiety, resulting in a substantial increase in oscillator strength
(f = 0.520). Fluorescence turn-on efficiency depended on the
distance between the fluorophore and tetrazine.’® Tz-FL-S had
a longer distance between the fluorescein and tetrazine groups
than Tz-FL (Fig. S4Ct), which likely caused its slightly lower
fluorescence recovery.

w
(2}

12000
80000 — TzFLS+TCODAla =

— TzFLS

3
8
S
S

‘/4 e T e T T )

350000 8000 + TzFL-S

40000 x4 =Tl

FL Intensity (a.u.)
g
2
g

20000

Emission520nm (a.u.]

T T T 1 T T T 1
500 550 600 650 0 50 100 150 200
Wavelength (nm) Time (s)

S.aureus
Control Treated
33 Control =3 Treated
0=
2 80 -
z i |—7-| :
S 40+ S B
£ ; 5
© 20+ B
8
§ 2
H
s 11
S
i
o0
Tz-FL Tz-FL-S
B. subtilis
Treated F
COI‘ItI’OI - 33 Control =3 Treated
100+
2 | -
8 80+ >
§ 60 ! 5
1ol W
g &
2 204
2
S ™
[
o
Tz-FL Tz-FL-S
E. coli
Fluorescence G e
3 Control B3 Treated
ot s
2
[}
2
@
E 404
@
3
s
@
@ 20
]
=)
S
I
o

| Tz-FL-S (Treated)

Tz-FL

Tz-FL-S

Probe optimization. (A) Strategy to optimize Tz-FL into Tz-FL-S by removing the benzene ring in the linker and the methyl group from the

tetrazine head. (B) Fluorescence spectra of Tz-FL-S before and after reacting with TCO-b-Ala in pH 7.4 PBS, Aex = 488 nm. (C) Plot of fluo-
rescence intensity at 520 nm versus time. Tz-FL-S exhibited a faster reaction than Tz-FL. A, = 488 nm. (D) Labeling of S. aureus ATCC 29213, B.
subtilis ATCC 6633, and E. coli ATCC 25922 with Tz-FL or Tz-FL-S. Green fluorescence images for each strain were collected and processed
under the same conditions. For Hoechst staining images in the Tz-FL-S group, see Fig. S3C.T Scale bar: 5 um. (E), (F), and (G) mean fluorescence
intensity of bacteria labeled by Tz-FL and Tz-FL-S from panel (D) (n = 30). Data are represented as mean + SD and analyzed using a two-tailed
Mann-Whitney U test. ****P < 0.0001.

12458 | Chem. Sci,, 2025, 16, 12455-12466 © 2025 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/d5sc01586c

Open Access Article. Published on 31 May 2025. Downloaded on 3/16/2026 6:37:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

Furthermore, we determined the reaction kinetics between
TCO-p-Ala and either Tz-FL or Tz-FL-S by monitoring the fluo-
rescence increase at 520 nm over time. Upon mixing the tetra-
zine probes with TCO-p-Ala, a rapid fluorescence activation was
observed. The kinetic plots revealed that Tz-FL-S reached its
fluorescence plateau within approximately 20 seconds, whereas
Tz-FL required around 120 seconds (Fig. 2C). Curve fitting
based on a pseudo-first-order reaction model (Fig. S3E and F)
yielded a rate constant of (2.61 & 0.07) x 10° M ' s~ * for Tz-FL-S
and (5.08 + 0.04) x 10> M~ ' 57" for Tz-FL. The corresponding
half-lives ¢,,, were 3.3 £ 0.1 s for Tz-FL-S and 17.0 £ 0.1 s for Tz-
FL, respectively. Thus, the reaction rate constant of Tz-FL-S is
approximately 5.2 times higher than that of Tz-FL. Studies
showed that the H-tetrazine reacted significantly faster than the
Me-tetrazine,**' and our results are consistent with this trend.
More importantly, Tz-FL-S exhibited superior labeling capabil-
ities for both Gram-positive and Gram-negative bacteria
compared to Tz-FL (Fig. 2D-G). It showed strong fluorescent
signals on S. aureus and B. subtilis, providing specific, brighter,
and more uniform labeling for the Gram-negative bacterium E.
coli, while the negative control displayed no obvious signal
(Fig. S3D¥). In Fig. 2G, for the treated E. coli groups, the fluo-
rescence intensity (mean =+ SD) for Tz-FL is 6.5 + 4.3, and for Tz-
FL-S, it is 26.0 & 8.3. Uniformity was assessed using the relative
standard deviation (RSD), with Tz-FL-S demonstrating a lower
RSD value (0.3 vs. 0.6 for Tz-FL), indicating more consistent
labeling. Moreover, we quantitatively analysed TCO-p-Ala
uptake in E. coli, B. subtilis, and S. aureus by plotting fluores-
cence intensity normalized to ODgoo against TCO-p-Ala
concentration following Tz-FL-S labeling. In E. coli, the uptake
profile displayed a saturation curve characteristic of enzyme-
catalysed kinetics, suggesting that TCO-p-Ala likely enters the
same metabolic pathway as other p-alanine derivatives via
transpeptidases.”** Fitting the data to the Michaelis-Menten
model yielded a K, value of 17 uM for E. coli (Fig. S3G¥). The
uptake data for B. subtilis and S. aureus exhibited linear rela-
tionships within the tested concentration range, suggesting that
their K, values exceed the highest concentration tested (1 mM,
Fig. S3H and It). Although exact K,,, values for B. subtilis and S.
aureus could not be determined, the slope of the linear fit is
expected to reflect their relative catalytic efficiencies (Viax/Km)-
Comparative analysis revealed that TCO-p-Ala incorporation is
4-24 times more efficient in E. coli. Additionally, we assessed
the fluorescence stability of the clicked product formed between
TCO-p-Ala and Tz-FL-S, and observed no significant decrease in
fluorescence intensity after 48 hours at 30 °C (Fig. S3]1). These
results indicated that, through molecule optimization, TCO-b-
Ala and Tz-FL-S effectively labeled bacterial cell walls and
showed strong potential for monitoring bacterial L-form
conversion, leading to its selection for further studies on
CWDB.

Visualizing bacterial L-form conversion process by
fluorescence imaging

During L-form conversion, bacteria undergo significant
morphological changes. Although phase contrast microscopy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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has been employed to monitor this process in some bacterial
studies, changes in peptidoglycan molecules remain
unclear.'>*** To visualize these changes, we used Tz-FL-S with
TCO-p-Ala for labeling peptidoglycan in three strains of Gram-
positive bacteria (B. subtilis, S. aureus RN 4220, and ATCC
29213) and one strain of Gram-negative bacterium (E. coli ATCC
25922). Hoechst 33342 was also used to label nucleoids. L-form
conversion was induced using established agents—penicillin G,
lysozyme, lysostaphin, and fosfomycin****—and monitored
with CLSM (Fig. 3A), with the conversion stages for each strain
classified as early, middle, late, and very late.

In B. subtilis (Fig. 3B), the early stage exhibited clear labeling
of the cell wall structure (green) with Hoechst 33342 staining
the nucleoids (blue). As conversion advanced to the middle
stage, cracks seemly appeared in the cell wall, leading to
bulging, while nucleoids began to extrude. In the late stage,
nucleoids exited the peptidoglycan capsule, and the cell wall
nearly disappeared. Even in the absence of the cell wall, the cell
membrane continued to expand, producing enlarged CWDB in
the very late stage, consistent with the literature.*® In S. aureus
RN 4220 (Fig. 3C), the conversion process proceeded quickly,
with cells displaying bulging during the middle stage before
fully detaching from the cell wall to form CWDB. In contrast, S.
aureus ATCC 29213 (Fig. 3D) underwent a more gradual reduc-
tion in peptidoglycan, evidenced by diminishing cell wall fluo-
rescence and an increase in cell size rather than immediate
bulging. For E. coli (Fig. 3E), the process began with cracking in
the middle stage, leading to bulging and bending at the cell
ends in the late stage. Eventually, nucleoids were squeezed out,
resulting in CWDB formation. Interestingly, some late-stage
bulges appeared empty, possibly due to vacuole formations
known to occur in E. coli.*” We observed that L-form conversion
did not occur uniformly among individual bacteria, likely due to
variations in bacterial states. Using the fluorogenic bio-
orthogonal probe Tz-FL-S in combination with TCO-p-Ala, our
study effectively captured the temporal and spatial dynamics of
key molecular events associated with cell wall loss during
bacterial L-form conversion. This approach provided a more
accurate and comprehensive view than previous detection
methods.

CWDB formed under the induction of different antibiotics

L-form bacteria are capable of evading most cell wall-targeting
antibiotics, such as B-lactams, which can contribute to antibi-
otic resistance. However, their response to other classes of
antibiotics remains less understood.” To thoroughly investigate
the impact of antibiotic challenges on bacterial cell walls and to
assess the capacity for CWDB formation, we selected 14 anti-
biotics with distinct antibacterial mechanisms for testing on S.
aureus ATCC 29213. These antibiotics target various pathways,
including penicillin-binding proteins (PBPs), bacterial protein
synthesis, folic acid synthesis, and the synthesis of DNA, RNA,
and peptidoglycan.*® We acquired confocal fluorescence images
to visualize CWDB formation under 14 different antibiotic
treatments, with representative images shown in Fig. 4, and
performed quantitative fluorescence analysis (Fig. S61). Our

Chem. Sci., 2025, 16, 12455-12466 | 12459


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01586c

Thisarticleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

Open Access Article. Published on 31 May 2025. Downloaded on 3/16/2026 6:37:49 AM.

(cc)

Chemical Science

N
A a3
DA
centrifuge
= | — = —
£ EL
Inoculation Culture
B Fluorescence Magnify Bright field
@
[~
o]
»
2
5 N
w
lefapine
o
o
s
»
0
o
3z »
= o
o
=
i)
»
2
©
i}
o
o
]
»
o
w
-
2
]
>
B. subtilis

D Fluorescence Magnify Bright field

Middle stage Early stage

Late stage

-Ill

Very Late stage

S. aureus ATCC 29213

Labeling

View Article Online

Edge Article

»
5

Inducers

Inducing Monitoring
C Fluorescence Magnify Bright field
@
o
o
»
2
5
w

Late stage Middle stage

Very Late stage

‘_~

S. aureus RN 4220
Magnify

m

Bright field

Fluorescence

®
o
s
»
2
T
S
w

Middle stage

o
o
pd
»
2
T
a

Very Late stage

E. coli

Fig. 3 Fluorescence images of different stages of bacterial L-form conversion. (A) A simplified workflow for monitoring bacterial L-form
conversion. Bacteria labeled with Hoechst 33342 and Tz-FL-S were subjected to various induction conditions and monitored by CLSM. (B)
Labeled B. subtilis ATCC 6633 were induced with 200 pg per mL penicillin G and 100 pg per mL lysozyme at 30 °C in NB/MSM medium. (C)
Labeled S. aureus ATCC RN 4220 were induced with 200 pg per mL penicillin G and 2 pg per mL lysostaphin at 30 °C in NB/MSM medium. (D)
Labeled S. aureus ATCC 29213 were induced with 400 ug per mL fosfomycin (FOS) at 30 °C in NB/MSM medium. (E) Labeled E. coli ATCC 25922
were induced with 100 pug per mL penicillin G and 100 pg per mL fosfomycin at 30 °C in NB/MSM medium. Scale bar: 5 um. For the magnified

images, the scale bar is 1 um.

results demonstrate that all tested antibiotics, except vanco-
mycin, induced CWDB formation. Treatment with fosfomycin
at a concentration of 10x MIC continued to induce swollen
CWDB (Fig. S5AT). For the antibiotics targeting PBPs (Fig. 4A),

CWDB were observed under each treatment. Fluorescent

12460 | Chem. Sci, 2025, 16, 12455-12466

images revealed bright green fusiform peptidoglycan shells or
fragments (indicated by white arrows), which may be shed
during the transition to CWDB. Upon treatment with ampicillin
or penicillin G, almost all bacteria lost their cell walls and
transformed into CWDB, while those treated with cefoperazone

© 2025 The Author(s). Published by the Royal Society of Chemistry
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or meropenem retained visible, weak or strong, green fluores-
cence. Distinctly swollen cells were observed under ampicillin,
cefoperazone, and meropenem treatment (indicated by orange
arrows). Antibiotics that inhibit bacterial protein synthesis,
such as linezolid, azithromycin, clindamycin, and amikacin
(Fig. 4B), ultimately led to bacterial conversion into CWDB. This
conversion likely occurred as these antibiotics initially bound to
ribosomal subunits, directly disrupting protein synthesis and
causing subsequent metabolic disturbances in the cell wall.
Similarly, sulfamethoxazole (SMZ) and trimethoprim (TMP),
which inhibit folic acid synthesis and thereby block nucleic acid
synthesis, also prompted the majority of bacteria to become
CWDB (Fig. 4C). Notably, trimethoprim alone produced
a comparable effect (Fig. S5BY). Interestingly, we found that
levofloxacin, which directly inhibits DNA metabolism, likely
affected cell wall synthesis by hindering the transcription
process and consequently blocking protein synthesis,** leading
to CWDB formation along with the loss of the cell wall (Fig. 4D).
Additionally, rifamycin, which binds to RNA polymerase to
interfere with RNA synthesis,* likely impaired downstream
protein synthesis, resulting in the formation of CWDB to some
extent, as evidenced by the dim and uneven green fluorescence
observed (Fig. 4E). It can be inferred that damage to the robust
cell wall is a fundamental mechanism by which antibiotics
induce bacterial rupture, either directly or indirectly. In studies
involving vancomycin, we observed growth inhibition rather
than a significant bactericidal effect, as many bacteria remained
brightly labeled on their cell walls (Fig. 4F). This may be due to
the extensive modification of p-Ala-p-Ala by the probes, which
could hinder vancomycin binding and indirectly contribute to
drug resistance.”* As a limitation, probes based on p-alanine

© 2025 The Author(s). Published by the Royal Society of Chemistry

derivatives may not be suitable for studies involving vancomy-
cin family drugs that bind to p-Ala-p-Ala. Nonetheless, the lack
of L-form conversion observed suggests that bacteria may
develop resistance to vancomycin by modifying their p-Ala-p-Ala
structure, as previously reported.” Our findings suggest that
CWDB formation can be induced not only by antibiotics that
directly target the cell wall but also by those that act on other
biological processes.

Antimicrobial resistance delayed the bacterial L-form
conversion

Mutations that reduce drug binding to its target and increased
expression of efflux pumps contribute to antibiotic resistance.?
Additionally, tolerance, a mechanism in which non-growing or
slow-growing bacteria can survive exposure to antibiotics tar-
geting actively growing cells, highlights the complexity of anti-
biotic resistance.*® To further explore the relationship between
antimicrobial resistance and L-form conversion, we treated
methicillin-resistant S. aureus (MRSA) and methicillin-
susceptible S. aureus (MSSA) with ampicillin at 10x MIC
respectively and monitored bacteria utilizing our probes (Fig. 5
and Table S17). Although the drug-resistant strain eventually
turned into CWDB, it converted more slowly than the drug-
susceptible strain. From 0 h to 4 h, no obvious CWDB
appeared in either strain. By 5 h, inflated CWDB completely
losing their cell wall appeared in the drug-susceptible strain
(vellow arrow), while just few cells in the drug-resistant strain
exhibited partial loss of cell wall and inflation (orange arrow). At
7 h, the drug-susceptible strain exhibited more CWDB with lost
cell wall than at 5 h (pink arrow), while the drug-resistant strain
showed few CWDB, retaining a significant amount of

Chem. Sci., 2025, 16, 12455-12466 | 12461
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Fig.5 Antimicrobial resistance delayed the bacterial L-form conversion. (A) Representative confocal fluorescence images of L-form conversion
in Methicillin-resistant Staphylococcus aureus (MRSA, ATCC 33592) and Methicillin-susceptible Staphylococcus aureus (MSSA, ATCC 29213)
induced by ampicillin. Cells were pre-labeled with Hoechst 33342 (blue) and Tz-FL-S (green), then induced with ampicillin at 10x MIC in NB/MSM
medium at 30 °C for 48 h. Orange arrow: partial loss of cell wall in CWDB; yellow arrow: inflated CWDB with complete loss of the cell wall; pink
arrow: multiple CWDB with complete loss of the cell wall; white arrow: fragile and ruptured CWDB. Scale bar: 5 um. (B) Quantitative analysis
showing the mean fluorescence intensity of individual bacteria from multiple images plotted over time. The data were normalized to ensure that
the initial mean fluorescence intensity values (at O h) of both datasets were equivalent. (C) Plot of the first quartile (Q,) values of mean fluo-

rescence intensity at each time point. A distinct turning region was observed between 5 h and 7 h. RFU: relative fluorescence intensity.

peptidoglycan. By 15 h, both strains showed substantial CWDB.
Additionally, at 24 h and 48 h, fragile and ruptured CWDB
(white arrow) appeared, nearly invisible in the bright field but
exhibiting diffuse blue fluorescence. To better illustrate the
differences in L-form transition rates between resistant and
susceptible strains, we quantified the mean fluorescence
intensity of individual bacteria from multiple images over time.
Fluorescence intensity was plotted against time (Fig. 5B), and
the first quartile (Q,) values at each time point were compared
to assess the timing of CWDB formation in MSSA and MRSA
(Fig. 5C). The Q, value represents the fluorescence intensity
below which 25% of the bacterial population falls. Notably,

12462 | Chem. Sci., 2025, 16, 12455-12466

a transition phase was observed between 5 h and 7 h, during
which MRSA retained higher peptidoglycan levels and exhibited
a significantly delayed conversion compared to MSSA. Despite
exposure to a high antibiotic concentration, the drug-resistant
bacteria took longer to exhibit conversion, suggesting that
this delay may be due to antibiotic tolerance. To further inves-
tigate this, we applied a higher antibiotic concentration and
slightly extended the treatment duration. When treated with
a higher concentration of 50x MIC, the drug-resistant strain
retained much peptidoglycan at 8 h, but eventually lost its cell
wall, forming CWDB (Fig. S7At). The conversion process can
vary under different inducing conditions depending on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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strain.*® Therefore, we further induced conversion under a solid
medium condition. Under solid medium conditions at 50x
MIC, the drug-resistant strain exhibited cell wall loss later than
the drug-susceptible strain. At 30 h, the drug-susceptible strain
converted into large, expanded CWDB (Fig. S7Bt), while the
drug-resistant strain only showed weakened cell wall fluores-
cence (Fig. S7Ct). The results indicated that antimicrobial
resistance delayed L-form conversion in MRSA. In our results,
this delayed conversion may be attributed to the antibiotic
tolerance of drug-resistant strains. These strains took longer to
lose their cell walls under antibiotic exposure, regardless of the
concentration used. Studies have indicated that antibiotic
tolerance in E. coli can precede and promote antibiotic resis-
tance.** However, the interaction between bacterial resistance
and tolerance mutations remains underexplored. Our findings
suggest potential synergistic interactions between antibiotic
resistance and tolerance.’® Nonetheless, the molecular mecha-
nisms underlying antibiotic tolerance, especially in S. aureus,
remain unclear. The application of fluorescent probes is antic-
ipated to provide valuable insights into the study of bacterial
tolerance.

Conclusion

CWDB, formed during the bacterial transition from the N-form
to the L-form, plays a crucial role in enhancing bacterial drug
resistance and viability. We employed a two-step bioorthogonal
labeling strategy to design and synthesize TCO-p-Ala, along with
a series of tetrazine-tagged, self-quenched fluorescent probes,
ultimately selecting Tz-FL-S as the optimal probe. TCO-p-Ala
was metabolically incorporated in bacterial peptidoglycan, and,
together with Tz-FL-S, formed the fastest-reacting p-Ala click
pair. This rapid reaction enabled bright, uniform labeling of
peptidoglycan in both Gram-positive and Gram-negative
bacteria, allowing us to capture peptidoglycan dynamics
during L-form conversion. Moreover, our bioorthogonal probes
served as highly effective sensors, enabling further investigation
into bacterial L-form conversion and its relationship with
antimicrobial resistance. We discovered that nearly all antibi-
otics disrupting peptidoglycan homeostasis—whether directly
or indirectly—can induce CWDB to varying degrees. Addition-
ally, we observed that antimicrobial resistance delayed bacterial
L-form conversion, likely due to the enhanced tolerance of drug-
resistant strains. These findings provide valuable insights into
the patterns of bacterial L-form conversion and the underlying
mechanisms of antimicrobial resistance, advancing global
efforts to combat bacterial infections. Together, our probes
offer powerful tools for imaging peptidoglycan dynamics,
investigating antimicrobial resistance, and studying bacterial
adaptation. These tools hold significant potential for advancing
microbiological resistance studies, diagnostics, and therapeutic
strategies.
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ATCC American Type Culture Collection

B. subtilis Bacillus subtilis

CLSM Confocal Laser Scanning Microscopy
CWDB Cell Wall-Deficient Bacteria

p-Ala p-Alanine

DFT Density Functional Theory

DMSO Dimethyl Sulfoxide

DNA Deoxyribonucleic Acid

E. coli Escherichia coli

ETDS Energy Transfer to a Dark State

FOS Fosfomycin

LC-MS Liquid Chromatography-Mass Spectrometry
MRSA Methicillin-Resistant Staphylococcus aureus
MSM Magnesium-Sucrose-Maleic Acid

MSSA Methicillin-Susceptible Staphylococcus aureus
NB Nutrient Broth

NIR Near-Infrared

NMR Nuclear Magnetic Resonance

OD Optical Density

PBPs Penicillin-Binding Proteins

PBS Phosphate-Buffered Saline

PGN Peptidoglycan

RFU Relative Fluorescence Intensity

RNA Ribonucleic Acid

RSD Relative Standard Deviation

S. aureus Staphylococcus aureus

SEM Scanning Electron Microscopy

SD Standard Deviation

SMZ Sulfamethoxazole

TADF Thermally Activated Delayed Fluorescence
TCO trans-Cyclooctene

TD-DFT Time-Dependent Density Functional Theory
TEM Transmission Electron Microscopy

TMP Trimethoprim
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