
rsc.li/chemical-science

  Chemical
  Science

rsc.li/chemical-science

ISSN 2041-6539

EDGE ARTICLE
Xinjing Tang et al. 
Caged circular siRNAs for photomodulation of gene 
expression in cells and mice

Volume 9
Number 1
7 January 2018
Pages 1-268  Chemical

  Science

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  Y. Tao, Y. Feng, Y.

Peng, X. Wang, X. Meng, Y. Xu, X. Han, Q. Zhang and H. Hu, Chem. Sci., 2025, DOI:

10.1039/D5SC01586C.

http://rsc.li/chemical-science
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5sc01586c
https://rsc.66557.net/en/journals/journal/SC
http://crossmark.crossref.org/dialog/?doi=10.1039/D5SC01586C&domain=pdf&date_stamp=2025-05-31


ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Bioorthogonal Probes for L-Form Conversion Visualization and 
Insights into Antimicrobial Resistance 
Yunzhe Tao a, Yongwei Feng ba, Yu Peng a, Xiang Wang a, Xiangchuan Meng a, Youjun Xu b, Xiaowan 
Han *a, Qingyang Zhang *a, Hai-Yu Hu *a

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 D-alanine derivative TCO-D-Ala at 
a rate of (2.61  0.07)  103 M-1∙s-1, 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 ratio: 15 to 305), effectively 
capturing the transition from N-form to L-form. Furthermore, we 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 enhances our understanding of bacterial adaptations and resistance mechanisms, paving the way for 
innovative strategies to combat drug-resistant infections.

Introduction
Antimicrobial resistance (AMR) has emerged as a major challenge to 
global public health.1 Recent studies have identified cell wall-
deficient bacteria (CWDB) as one of the key contributors to AMR,2,3 
frequently causing chronic and recurrent clinical infections.4,5 Under 
survival pressures, some bacteria partially or completely lose their 
cell walls, converting to a cell wall-deficient (L-form) state.6 This 
adaptation allowed them to evade cell wall-targeting antibiotics, 
such as β-lactams, making L-form bacteria resistant to many 
conventional treatments.7 Moreover, research showed that CWDB 
could even evade phage therapy,8–10 further complicating treatment 
strategies. A deeper understanding of the biological characteristics 
of CWDB and the molecular mechanisms underlying the transition 
from 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).11–13 Besides, 

phase contrast microscopy has been also employed to observe the L-
form conversion.4,10 However, SEM and TEM are limited by complex 
sample preparation, high equipment costs, and the inability to 
visualize live bacteria, and phase contrast microscopy is lack of the 
spatial resolution on observing peptidoglycan. In contrast, confocal 
laser scanning microscopy (CLSM) offers advantages such as high 
sensitivity and excellent spatial and temporal resolution,14,15 making 
it a promising tool for monitoring the conversion of L-form bacteria 
in live cells. Despite the progress of AMR sensing technologies,16–19 
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.20 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 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.21,22 The use of 
D-amino acid derivatives for metabolic labeling of bacterial 
peptidoglycan, as first demonstrated by Prof. Bertozzi. and others, is 
an effective approach.23,24 However, the labeling of peptidoglycan in 
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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.25 The large size of these 
probes further reduces their ability to accumulate inside the cells. 
Consistently, studies have shown that D-alanine derivatives used for 
metabolic labeling have difficulty penetrating Gram-negative 
bacterial cells.26,27 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,27,28 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 D-alanine 
trans-cyclooctene (TCO) derivative as an anchor and a tetrazine-
tagged fluorophore. During bacterial biosynthesis, TCO-D-Ala 
metabolically incorporates at the terminus of the stem peptides in 
PGN,29 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 investigated the influence of various antibiotics on 
L-form conversion 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 D-amino acids, we 
employed trans-cyclooctene as the click handle, linking it to the D-
alanine structure to obtain TCO-D-Ala. We then synthesized a series 
of tetrazine-tagged clickable probes with various fluorophores: the 
Cy7-based probe Tz-CY, the naphthalimide-based 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 autofluorescence for in vivo imaging.30 
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. 31 Fluorescein was chosen for its high 

Scheme 1. Probe design and applications. (A) Design, chemical structures and sensing mechanism of TCO-D-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-D-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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quantum yield, good water solubility, and proven biocompatibility.32 
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 D-
alanine derivative, TCO-D-Ala, was synthesized by reacting the 
active p-nitrophenyl esters of trans-cyclooctene with modified 
D-Ala, followed by a deprotection step. Subsequently, we 
synthesized the tetrazine intermediate, compound 6, according 
to relevant literature.33 Using this intermediate, we then 
conjugated 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 15.34 The detailed synthetic procedures 
and analytical data for the compounds are provided in the 
Supporting Information.

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-D-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-D-Ala, indicating that there was no 
significant alteration in the chromophore structure. As 
expected, all three probes demonstrated a pronounced 
quenching effect of the tetrazine moiety on the chromophore 
(Fig. 1). Upon the addition of TCO-D-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 exhibited only a slight fluorescence recovery, which could 
be attributed to its high lipophilicity potentially inducing 
aggregation in PBS, thereby diminishing its reactivity with TCO-
D-Ala (Fig. 1B). To investigate this hypothesis, we subsequently 
performed a reaction between Tz-NA and TCO-D-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 bioorthogonal reactions with TCO-D-Ala, 
yielding the corresponding 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.24 The treated group was treated with 
1 mM TCO-D-Ala, whereas the control group received no 
treatment with TCO-D-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. 
S2); however, it failed to achieve specific labeling toward TCO-
D-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.35 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-NA did 
not meet the expected labeling efficacy for TCO-D-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.36,37

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

To enhance penetration in Gram-negative bacteria, we synthesized a 
smaller probe, Tz-FL-S, using a simplified tetrazine fragment (Fig. 2A). 

Fig. 1. The labeling properties of probes. Fluorescence spectra of Tz-CY (A), Tz-NA (B, C), and Tz-FL (D) before and after reacting with TCO-D-Ala. Fluorescence images and analysis 
of bacterial labeling using Tz-CY (E), Tz-NA (F), and Tz-FL (G, H) with (treated) or without (control) the incorporation of TCO-D-Ala in S. aureus and E. coli. Scale bar: 5 μm. 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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Spectral response analysis of Tz-FL-S revealed similar absorbance 
curves before and after incubation with TCO-D-Ala (Fig. S3A). 
Notably, the tetrazine moiety maintained a significant quenching 
effect on fluorescein. Following the reaction with TCO-D-Ala, the 
fluorescence intensity increased by 4.9-fold at 520 nm (Fig. 2B), and 
LC-MS analysis confirmed the presence of bioorthogonal products 
(Fig. S3B). 

To investigate the fluorescence quenching mechanism, we 
conducted density functional theory (DFT) and time-dependent 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, B).38 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 (S1) of tetrazine, ultimately 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 (S1) with a negligible oscillator strength (f = 0.005). 
After the reaction with TCO-D-Ala, photoexcitation from S0 to S1 was 
primarily driven by the π→π* 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. 38 Tz-FL-S had a longer distance 
between the fluorescein and tetrazine groups than Tz-FL (Fig. S4C), 
which likely caused its slightly lower fluorescence recovery. 

Furthermore, we determined the reaction kinetics between 
TCO-D-Ala and either Tz-FL or Tz-FL-S by monitoring the 
fluorescence increase at 520 nm over time. Upon mixing the 
tetrazine probes with TCO-D-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, F) yielded a rate constant of (2.61  0.07)  103 M-1∙s-1 for 
Tz-FL-S and (5.08  0.04)  102 M-1∙s-1 for Tz-FL. The 
corresponding half-lives t1/2 were 3.3 ± 0.1 s for Tz-FL-S and 

Fig. 2. 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-D-Ala in pH 7.4 PBS, λex = 488 nm. (C) Plot of fluorescence intensity at 520 nm versus time. Tz-FL-S exhibited a faster reaction 
than Tz-FL. λex = 488 nm. (D) Labeling of S. aureus ATCC 29213, B. subtilis ATCC 63501, 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. Scale bar: 5 μm. (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.

Page 4 of 12Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/7
/2

02
5 

5:
23

:4
0 

A
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
DOI: 10.1039/D5SC01586C

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


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

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,39–41 and our results 
are consistent with this trend. More importantly, Tz-FL-S 
exhibited superior labeling capabilities 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 fluorescence 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-D-Ala uptake in E. coli, B. subtilis, 
and S. aureus by plotting fluorescence intensity normalized to 
OD600 against TCO-D-Ala concentration following Tz-FL-S 
labeling. In E. coli, the uptake profile displayed a saturation 

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 μg/mL penicillin G and 100 
μg/mL lysozyme at 30 °C in NB/MSM medium. (C) Labeled S. aureus ATCC RN 4220 were induced with 200 μg/mL penicillin G and 2 μg/mL lysostaphin at 30°C in NB/MSM medium. 
(D) Labeled S. aureus ATCC 29213 were induced with 400 μg/mL fosfomycin (FOS) at 30 °C in NB/MSM medium. (E) Labeled E. coli ATCC 25922 were induced with 100 μg/mL 
penicillin G and 100 μg/mL fosfomycin at 30 °C in NB/MSM medium. Scale bar: 5 μm. For the magnified images, the scale bar is 1 μm.
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curve characteristic of enzyme-catalysed kinetics, suggesting 
that TCO-D-Ala likely enters the same metabolic pathway as 
other D-alanine derivatives via transpeptidases.29,42 Fitting the 
data to the Michaelis–Menten model yielded a Km value of 17 
μM for E. coli (Fig. S3G). The uptake data for B. subtilis and S. 
aureus exhibited linear relationships within the tested 
concentration range, suggesting that their Km values exceed the 
highest concentration tested (1 mM, Fig. S3H, I). Although exact 
Km 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 (Vmax/Km). Comparative analysis revealed 
that TCO-D-Ala incorporation is 4–24 times more efficient in E. 
coli. Additionally, we assessed the fluorescence stability of the 
clicked product formed between TCO-D-Ala and Tz-FL-S, and 
observed no significant decrease in fluorescence intensity after 
48 hours at 30 °C (Fig. S3J). These results indicated that, through 
molecule optimization, TCO-D-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 has 
been employed to monitor this process in some bacterial studies, 
changes in peptidoglycan molecules remain unclear.10,43,44 To 
visualize these changes, we used Tz-FL-S with TCO-D-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 fosfomycin43,45—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.46 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 
reduction in peptidoglycan, evidenced by diminishing cell wall 
fluorescence 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.47 We observed that L-form conversion 
did not occur uniformly among individual bacteria, likely due to 
variations in bacterial states. Using the fluorogenic 
bioorthogonal probe Tz-FL-S in combination with TCO-D-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.

Fig. 4. Confocal fluorescence images of CWDB formation in S. aureus ATCC 29213 after treatment with various inducers. S. aureus cells were pre-labeled with Hoechst 33342 
(blue) and Tz-FL-S (green), then exposed to antibiotics at 10 × MIC in NB/MSM medium at 30 °C for 24 hours. The antibiotics inhibiting: (A) peptidoglycan synthesis via binding 
PBPs, (B) protein synthesis, (C) folic acid synthesis, (D) DNA synthesis, (E) RNA synthesis, (F) peptidoglycan synthesis via binding D-Ala-D-Ala terminus. White arrows indicate 
fusiform peptidoglycan shells or fragments, and orange arrows highlight swollen cells. SMZ: sulfamethoxazole, TMP: trimethoprim. Scale bar: 5 μm.
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CWDB formed under the induction of different antibiotics

L-form bacteria are capable of evading most cell wall-targeting 
antibiotics, such as β-lactams, which can contribute to antibiotic 
resistance. However, their response to other classes of 
antibiotics remains less understood.2 To thoroughly investigate 
the impact of antibiotic challenges on bacterial cell walls and to 
assess the capacity for CWDB formation, we selected 14 
antibiotics 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.48 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. S6). Our results demonstrate that all tested antibiotics, 
except vancomycin, induced CWDB formation. Treatment with 
fosfomycin at a concentration of 10 × MIC continued to induce 
swollen CWDB (Fig. S5A). For the antibiotics targeting PBPs (Fig. 
4A), CWDB were observed under each treatment. Fluorescent 
images revealed bright green fusiform peptidoglycan shells or 
fragments (indicated by white arrows), which may be shed 

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 10 × 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 μm. (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 0 h) of both datasets were equivalent. (C) Plot of the first quartile (Q1) values of mean fluorescence intensity at each time point. A distinct 
turning region was observed between 5 h and 7 h. RFU: relative fluorescence intensity.
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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 
or meropenem retained visible, weak or strong, green 
fluorescence. 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. S5B). 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,49 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,50 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 D-Ala-D-Ala by the probes, which 
could hinder vancomycin binding and indirectly contribute to 
drug resistance.51 As a limitation, probes based on D-alanine 
derivatives may not be suitable for studies involving 
vancomycin family drugs that bind to D-Ala-D-Ala. Nonetheless, 
the lack of L-form conversion observed suggests that bacteria 
may develop resistance to vancomycin by modifying their D-Ala-
D-Ala structure, as previously reported.52 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.3 
Additionally, tolerance, a mechanism in which non-growing or 
slow-growing bacteria can survive exposure to antibiotics 
targeting actively growing cells, highlights the complexity of 
antibiotic resistance.53 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 10×MIC 
respectively and monitored bacteria utilizing our probes (Fig. 5; 
Table S1). 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 (yellow 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 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 (Q1) 
values at each time point were compared to assess the timing 
of CWDB formation in MSSA and MRSA (Fig. 5C). The Q1 value 
represents the fluorescence intensity below which 25% of the 
bacterial population falls. Notably, 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 investigate this, we 
applied a higher antibiotic concentration and slightly extended 
the treatment duration. When treated with a higher 
concentration of 50×MIC, the drug-resistant strain retained 
much peptidoglycan at 8 h, but eventually lost its cell wall, 
forming CWDB (Fig. S7A). The conversion process can vary 
under different inducing conditions depending on the strain.43 
Therefore, we further induced conversion under a solid medium 
condition. Under solid medium conditions at 50×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. S7B), while the 
drug-resistant strain only showed weakened cell wall 
fluorescence (Fig. S7C). 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 
resistance.54 However, the interaction between bacterial 
resistance and tolerance mutations remains underexplored. 
Our findings suggest potential synergistic interactions between 
antibiotic resistance and tolerance.55 Nonetheless, the 
molecular mechanisms underlying antibiotic tolerance, 
especially in S. aureus, remain unclear. The application of 
fluorescent probes is anticipated 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 
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resistance and viability. We employed a two-step bioorthogonal 
labeling strategy to design and synthesize TCO-D-Ala, along 
with a series of tetrazine-tagged, self-quenched fluorescent 
probes, ultimately selecting Tz-FL-S as the optimal probe. TCO-
D-Ala was metabolically incorporated in bacterial 
peptidoglycan, and, together with Tz-FL-S, formed the fastest-
reacting D-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 antibiotics disrupting peptidoglycan 
homeostasis—whether directly or indirectly—can induce CWDB 
to varying degrees. Additionally, 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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