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a b s t r a c t

The outer membrane (OM) of Gram-negative bacteria, with its unique and complex structure, serves as

a critical structural foundation for their heightened pathogenicity and drug resistance. However, with a

thickness of only 7–9nm, the OM is highly fragile and undergoes continuous remodeling, making it dif-

ficult to elucidate its structural dynamics and functional mechanisms during bacterial growth, division,

and host invasion. Here, we developed Rho-PMXB as an OM-specific fluorescent probe that incorporates

a polymyxin-derived moiety for highly specific recognition of OM lipopolysaccharides (LPS) and a rho-

damine fluorophore that confers excellent photostability and high fluorescence brightness. Rho-PMXB

enables selective labeling of the OMs of various Gram-negative bacteria and supports super-resolution

imaging, allowing real-time visualization of OM dynamics during bacterial growth, division, and antibi-

otic treatment, thereby providing insight into antimicrobial mechanisms. Furthermore, Rho-PMXB enables

dynamic super-resolution imaging of pathogen-host cell interactions, visualizing OM behavior during Por-

phyromonas gingivalis invasion of human gingival epithelial (HGE) cells and revealing its interplay with

the host plasma membrane and actin cytoskeleton.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Gram-negative bacteria pose a serious threat to global pub-

lic health due to their high pathogenicity and widespread antibi-

otic resistance and have been designated as priority pathogens

by the World Health Organization for targeted prevention and

control [1,2]. Unlike Gram-positive bacteria, Gram-negative bacte-

ria possess a unique and complex outer membrane (OM), which

plays a central role in their pathogenicity and antibiotic resistance

[3–5]. The OM exhibits an asymmetric bilayer architecture, consist-

ing of an inner phospholipid leaflet and an outer leaflet primar-

ily composed of lipopolysaccharides (LPS) and various OM proteins

[6,7]. Functionally, the OM serves as a selective permeability bar-

rier that protects bacteria from external stresses and supports sur-

vival under adverse conditions, while its LPS component can acti-

vate host immune responses and promote bacterial adhesion and

invasion [8,9]. Consequently, the OM is essential for maintaining

bacterial viability, mediating host infection, and enhancing antibi-

otic resistance [10]. Therefore, a deeper understanding of its struc-

ture and function is crucial for elucidating the pathogenic mecha-

nisms of Gram-negative bacteria and for developing novel antibac-

terial strategies.
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However, the OM is only 7–9nm thick and possesses a highly

refined architecture that undergoes continuous remodeling [11].

Conventional approaches such as electron microscopy provide ul-

trastructural information with exceptionally high spatial resolution

but are limited in their ability to monitor dynamic processes in liv-

ing systems [12]. As a result, direct spatiotemporal evidence of OM

regulation during key biological processes such as bacterial growth,

division, and host invasion remains scarce, hindering a deeper un-

derstanding of resistance development and infection control. In re-

cent years, fluorescence imaging has emerged as an important tool

for investigating the structure and dynamics of the Gram-negative

bacterial OM, owing to its high sensitivity and ability to enable

real-time visualization in living systems [13,14]. However, the de-

velopment of OM-specific fluorescent probes remains limited, pri-

marily because of the structural complexity and strong selective

barrier properties of the OM, which make stable and selective la-

beling challenging. Existing membrane-targeting fluorescent probes

modified with lipid chains typically rely on hydrophobic or elec-

trostatic interactions to insert into lipid bilayers and are therefore

more suitable for Gram-positive bacteria, while exhibiting poor la-

beling efficiency in Gram-negative bacteria due to the OM barrier

[15–17]. Although FM4–64 can generate membrane-associated sig-

nals in Gram-negative bacteria, it cannot reliably distinguish be-

tween Gram-positive and Gram-negative species, resulting in in-
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Scheme 1. Design strategy and targeting mechanism of the Gram-negative bacterial

OM probe Rho-PMXB. (a) Mechanism of the specific binding between Rho-PMXB

and LPS. (b) Schematic illustration of the Gram-negative bacterial OM illuminated

by Rho-PMXB binding to LPS.

sufficient specificity [18,19]. Currently reported OM-specific probes

for Gram-negative bacteria commonly employ polymyxin as a tar-

geting moiety to achieve stable binding through specific recog-

nition of OM LPS [20–23]. However, their fluorophores are of-

ten based on dyes such as 7-nitrobenz-2-oxa-1,3-diazole (NBD) or

cyanine, which generally suffer from low fluorescence brightness,

limited photostability, and rapid photobleaching [24–26]. Conse-

quently, they are mainly suitable for conventional fluorescence mi-

croscopy and fail to meet the requirements of super-resolution

imaging, which demands high brightness, excellent photostabil-

ity, and controllable photophysical properties [27–36]. Moreover,

these probes exhibit substantial signal attenuation during long-

term imaging, limiting sustained nanoscale tracking of OM struc-

tural remodeling and functional dynamics and thereby constrain-

ing real-time analysis of OM-associated biological processes. There-

fore, the development of novel fluorescent probes for the Gram-

negative bacterial OM that combine high brightness, excellent pho-

tostability, and strong targeting specificity, and that enable long-

term super-resolution imaging of OM structure and dynamics, is

of great importance for elucidating mechanisms of antibiotic resis-

tance, pathogenicity, and host invasion, as well as for advancing

OM functional studies, antibacterial drug development, and infec-

tious disease control.

Here, we developed Rho-PMXB as a novel OM-specific fluores-

cent probe for Gram-negative bacteria that specifically recognizes

LPS on the bacterial OM, thereby enabling selective fluorescence

imaging of the OM (Scheme 1). Rho-PMXB consists of a polymyxin

B-derived structure as the targeting ligand and a rhodamine fluo-

rophore. The polymyxin-derived moiety is generated by hydrolysis

of the alkyl chain of polymyxin B, which abolishes its bactericidal

activity, while the amino groups retain electrostatic interactions

with LPS phosphate groups, thereby preserving high OM recogni-

tion specificity and enabling stable labeling of the Gram-negative

Fig. 1. The photophysical properties of Rho-PMXB. (a) Absorption and emission

spectra of Rho-PMXB (1 μmol/L) in different solvents. λex =520nm. (b) Spectro-

scopic data of Rho-PMXB in different solvents: peak ultraviolet-visible (UV–vis)

absorption wavelength (λabs), maximum emission wavelength (λem), stokes shifts

(�λ), molar absorption coefficient (ε) and fluorescence quantum yield (ϕ). (c)

Time-dependent fluorescence intensity changes at λem of Rho (1 μmol/L) and NBD

(1 μmol/L) in PBS under 300W tungsten lamp irradiation. λex =520nm/490nm. (d)

Fluorescence intensity changes of Rho-PMXB after the addition of different concen-

trations of LPS into the test solution. λex/em =520/576nm.

bacterial OM [37,38]. The rhodamine component provides excel-

lent photostability and high fluorescence brightness [39,40]. As a

result, Rho-PMXB combines high brightness, superior photostabil-

ity, and strong specificity, enabling long-term dynamic imaging of

the OM under super-resolution microscopy. Using this probe, we

achieved selective labeling of various Gram-negative bacterial OMs

and real-time super-resolution monitoring of OM remodeling dur-

ing bacterial growth, division, and antibiotic treatment, revealing

drug-induced effects on membrane structure. Furthermore, appli-

cation of Rho-PMXB to Porphyromonas gingivalis (P. gingivalis) en-

abled visualization of OM dynamics during infection of HGE cells,

providing insight into the interplay between bacterial membranes

and host cells during pathogenesis.

We first synthesized Rho-PMXB by conjugating a rhodamine

moiety onto a dealkylated polymyxin scaffold, and characteriza-

tion by high-performance liquid chromatography (HPLC) indicated

a highly pure product (Scheme S1 and Fig. S1 in Supporting infor-

mation). However, due to the presence of structural isomers, the

chromatogram displayed two major peaks with similar retention

times and comparable intensities, attributable to configurational

differences that influence elution behavior. These results confirm

the successful synthesis and identity of the desired product with

high purity.

To systematically evaluate the photophysical properties of Rho-

PMXB, we measured its absorption and emission spectra in vari-

ous solvents (Figs. 1a and b, Fig. S2 in the Supporting information).

The probe consistently exhibited high fluorescence quantum yields

(>0.4) across different solvents, demonstrating sufficient bright-

ness for high-sensitivity bioimaging applications. We next assessed

the photostability of Rho-PMXB in comparison with a previously

reported OM probe incorporating an NBD fluorophore. Under con-
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tinuous illumination with a tungsten lamp, fluorescence intensi-

ties were monitored over time. After 6h of irradiation, the fluo-

rescence intensity of NBD decreased to ∼70% of its initial value,

whereas Rho retained over 85% of its original intensity (Fig. 1c and

Fig. S3 in Supporting information). Correspondingly, the absorp-

tion spectra of Rho exhibited only minimal changes, further con-

firming its superior photostability relative to NBD (Fig. S4 in Sup-

porting information). These results indicate that Rho-PMXB main-

tains more stable fluorescence under prolonged excitation, mak-

ing it well suited for long-term live-cell imaging. Furthermore, we

performed preliminary experiments to examine the binding speci-

ficity of Rho-PMXB toward LPS (Fig. 1d). Incremental addition of

LPS to the probe solution resulted in a marked decrease in fluores-

cence intensity. Considering the strong electrostatic and hydropho-

bic interactions between polymyxin and LPS, this quenching effect

is attributed to local probe accumulation at LPS surfaces, which

promotes rhodamine aggregation and induces aggregation-induced

quenching. Although accompanied by reduced fluorescence inten-

sity, this result supports the specific binding of Rho-PMXB to LPS,

enabling selective recognition of the Gram-negative bacterial OM.

In summary, Rho-PMXB exhibits high brightness, excellent photo-

stability, and strong LPS-binding specificity, making it an effective

probe for selective OM imaging and long-term dynamic tracking of

Gram-negative bacteria.

Given the high fluorescence brightness, excellent photostabil-

ity, and strong targeting specificity of Rho-PMXB demonstrated in

vitro, we further applied this probe to fluorescence imaging of

Gram-negative bacterial OMs. Five Gram-negative species (E. coli, A.

rhizogenes, C. freundii, S. enterica, and P. aeruginosa) and four Gram-

positive species (B. cereus, S. epidermidis, E. faecalis, and S. aureus)

were incubated with 2 μmol/L Rho-PMXB, followed by confocal

imaging (Fig. 2a and Fig. S5 in Supporting information). Strong

fluorescence signals were observed along the OMs of all Gram-

negative bacteria, whereas no detectable fluorescence was ob-

served in Gram-positive bacteria. These results are consistent with

the molecular design of the probe, in which the polymyxin moi-

ety selectively interacts with LPS on Gram-negative bacterial OMs.

To further evaluate the probe’s discriminatory ability in mixed

bacterial populations, one Gram-negative and one Gram-positive

species were co-incubated with Rho-PMXB for 1h (Fig. 2b). Con-

focal imaging clearly demonstrated selective labeling of only the

Gram-negative bacteria, while Gram-positive cells remained non-

fluorescent. This result highlights the potential of Rho-PMXB as

a simple and effective molecular tool for rapid differentiation of

Gram-negative and Gram-positive bacteria, supporting preliminary

bacterial identification.

We next performed super-resolution imaging of the OMs of the

five Gram-negative species (E. coli, A. rhizogenes, C. freundii, S. en-

terica, and P. aeruginosa) using structured illumination microscopy

(SIM) and stimulated emission depletion microscopy (STED) (Figs.

2c and d). Rho-PMXB exhibited high fluorescence brightness, a fa-

vorable signal-to-noise ratio (SNR), and excellent photostability un-

der both imaging modalities, enabling clear visualization of outer

membrane structures with ∼170nm resolution and an SNR of ∼2.5

under STED. In three-dimensional (3D) imaging of E. coli, fluores-

cence signals were strictly confined to the OM, with negligible cy-

toplasmic fluorescence, further confirming the probe’s membrane-

targeting specificity (Fig. S6 in Supporting information). This se-

lective membrane localization reduces background signals arising

from nonspecific internalization or probe diffusion, thereby im-

proving imaging contrast. Overall, Rho-PMXB enables highly spe-

cific imaging of Gram-negative bacterial OMs under both confocal

and super-resolution microscopy, providing high-quality membrane

imaging.

Additionally, the cytotoxicity of Rho-PMXB toward Gram-

negative bacteria was evaluated (Fig. S7 in Supporting informa-

Fig. 2. Fluorescence imaging of bacterial OMs using Rho-PMXB. (a) Five kinds of

Gram-negative bacteria (E. coli, Ag. rhizogenes, C. freundii, S. enterica, and P. aerugi-

nosa) and one kind of Gram-positive bacteria (B. cereus) (OD600 =2) were incubated

with Rho-PMXB (2 μmol/L) for 1h, followed by confocal imaging. Fluorescence in-

tensity plots showing normalized fluorescence profiles along the lines indicated in

the images. λex =543nm. (b) Confocal imaging of mixed bacterial solutions con-

taining Gram-negative bacteria (E. coli or C. freundii) and Gram-positive bacteria (S.

aureus, B. subtilis, or B. cereus) (OD600 =2) incubated with Rho-PMXB (1 μmol/L).

λex =543nm. (c) Five kinds of Gram-negative bacteria (E. coli, Ag. rhizogenes, C.

freundii, S. enterica, and P. aeruginosa) (OD600 =2) were incubated with Rho-PMXB

(2 μmol/L) for 1h, followed by SIM imaging. λex =561nm. (d) Five kinds of fixed

Gram-negative bacteria (E. coli, Ag. rhizogenes, C. freundii, S. enterica, and P. aerug-

inosa) (OD600 =2) were incubated with Rho-PMXB (2 μmol/L) for 1h, followed by

STED imaging. Fluorescence intensity plots showing fluorescence profiles along the

lines indicated in the images. λex =561nm. Scale bar: 1 μm.

tion). After co-incubation with various probe concentrations for

24h, bacterial viability remained high, indicating minimal effects

on growth and proliferation and demonstrating good biocompati-

bility.

After confirming the excellent imaging performance of Rho-

PMXB, we applied it to dynamic imaging of Gram-negative bac-

terial OMs. E. coli cells were stained and placed into a microfluidic

chip to maintain viability (Figs. 3a and b), and long-term real-time

SIM imaging was performed to track OM dynamics during bac-

terial growth, division, and antibiotic treatment. Under untreated

conditions, SIM imaging revealed the dynamic behavior of E. coli

over time (Fig. 3c). Cells exhibited gradual growth accompanied

by coordinated OM expansion until entry into the division phase.

Each cell ultimately divided into two daughter cells, which con-

tinued subsequent growth and proliferation. Throughout this pro-

cess, SIM imaging captured progressive OM expansion, septum for-

mation, and complete daughter-cell separation. These observations

demonstrate that Rho-PMXB enables reliable tracking of nanoscale

OM dynamics during dynamic biological processes. We next used

Rho-PMXB to investigate the effects of different antibiotics on OM

dynamics. Following ampicillin treatment, E. coli cells progressively

enlarged but failed to divide, consistent with inhibition of cell wall
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Fig. 3. Dynamic SIM imaging of the OM of E. coli treated with different antibiotics

using Rho-PMXB in microfluidic chip. (a) Microfluidic chip schematic diagram. (b)

Fluorescence imaging of bacteria in microfluidic chips. (c) Dynamic SIM imaging

of E. coli (OD600 =1) OM during normal growth and division after staining with

1 μmol/L Rho-PMXB for 1h at 37 °C, with cell length monitored over time. (d-g)

E. coli cells were treated with ampicillin (d), ciprofloxacin (e), erythromycin (f), or

tetracycline (g) for 1h, followed by staining with 1 μmol/L Rho-PMXB for 1h at

37 °C. OM dynamics and changes in cell length over time were monitored by SIM

imaging. λex =561nm. Scale bar: 1 μm.

synthesis, which blocks division and ultimately leads to cell lysis

(Fig. 3d). In contrast, ciprofloxacin-treated cells showed neither sig-

nificant volume increase nor division, maintaining stable morphol-

ogy throughout imaging, consistent with inhibition of DNA replica-

tion (Fig. 3e). Similarly, erythromycin- and tetracycline-treated cells

displayed no growth- or division-related dynamics over extended

imaging periods, reflecting inhibition of protein synthesis (Figs. 3f

and g). Collectively, these results demonstrate that Rho-PMXB en-

ables real-time visualization of E. coli growth and division while

allowing dynamic monitoring of OM behavior under different an-

tibiotic treatments. This OM phenotype-based imaging approach

provides a direct, high-spatiotemporal-resolution strategy for prob-

ing antibiotic mechanisms of action. Notably, distinct OM dynamic

patterns observed under different antibiotic treatments correlate

closely with their known molecular mechanisms, suggesting that

OM imaging may serve as a phenotypic readout for distinguish-

ing classes of antibacterial agents. In the future, this methodology

could be potentially applied to screen novel antibiotics, investigate

their mechanisms of action, and support the development of pre-

cision antibacterial strategies based on membrane phenotypes.

Given that Rho-PMXB enables stable OM labeling in Gram-

negative bacteria and supports long-term dynamic tracking, we

sought to extend its application to more complex host-pathogen

systems. In Gram-negative bacteria, pathogen invasion of host

cells represents a central step in infection and disease progres-

sion [41]. This process involves multiple sequential stages, includ-

ing host recognition, adhesion, invasion, and intracellular colo-

nization and dissemination, all of which exhibit highly heteroge-

neous spatiotemporal dynamics [42,43]. However, due to the lack

of suitable imaging tools, the dynamic behavior of the pathogen

OM during invasion has remained difficult to directly visualize at

Fig. 4. SIM imaging of the interaction between P. gingivalis and the actin cy-

toskeleton in HGE cells. (a) P. gingivalis (OD600 =2) were incubated with Rho-PMXB

(2 μmol/L) for 1 h, followed by SIM imaging. (b) P. gingivalis was stained with Rho-

PMXB (2 μmol/L) for 1 h, and HGE cells expressing Halo-actin were stained with

SiR-Halo (100nmol/L) for 20min. After co-incubation of P. gingivalis and HGE for

6h, 3D-SIM imaging was performed to visualize their interactions. (c) Dynamic SIM

imaging of P. gingivalis stained with Rho-PMXB (2 μmol/L) for 1h and Halo-actin-

expressing HGE cells stained with SiR-Halo (100nmol/L) for 20min after 6h of co-

incubation. λex =561nm/640nm. Scale bar: 10 μm.

the nanoscale. To address this limitation, we used Rho-PMXB for

specific labeling of the pathogen OM, enabling real-time super-

resolution tracking of key steps in host-cell invasion and allow-

ing dynamic visualization and mechanistic analysis of this com-

plex biological process. We selected P. gingivalis and human gin-

gival epithelial (HGE) cells as a representative pathogen-host in-

teraction model. P. gingivalis is a major periodontal pathogen with

well-characterized host invasion capability, and as a Gram-negative

bacterium, its OM is rich in LPS, providing an ideal target for Rho-

PMXB labeling. HGE cells represent the natural target of P. gingi-

valis, allowing this model to closely mimic physiological infection

conditions. Although multiple virulence factors of P. gingivalis have

been identified, the dynamic behavior of its OM during host inva-

sion remains poorly understood due to the lack of direct visualiza-

tion. Thus, this system provides an excellent platform for investi-

gating pathogen-host interactions using Rho-PMXB.

We first validated the imaging performance of Rho-PMXB in P.

gingivalis (Fig. 4a). SIM imaging demonstrated clear and stable la-

beling of the bacterial OM with high resolution. Concurrently, HGE

cells transfected with Halo-actin or Halo-adrβ2 were labeled us-

ing SiR-Halo, enabling visualization of cytoskeletal structures and

membrane and establishing dual-channel imaging conditions for

subsequent pathogen-host interaction studies (Fig. S8 in Support-

ing information). During co-culture of P. gingivalis with HGE cells,

we initially examined bacterial interactions with the actin cy-

toskeleton. Time-lapse imaging revealed progressive approach and

tight association between P. gingivalis and actin structures, and 3D

reconstruction showed bacteria embedded within the actin net-

work, suggesting that adhesion or entry may be facilitated through

interactions with the host cytoskeleton (Figs. 4b and c, Fig. S9 in

Supporting information). However, because actin labeling does not

define the cell boundary, it remained unclear whether the bacteria

had actually entered the host cells.

To further determine bacterial internalization, we monitored

interactions between P. gingivalis and membrane-labeled (Halo-

adrβ2-transfected) HGE cells. Over time, P. gingivalis approached

and interacted with the host cell membrane, with local membrane

vesicle formation observed, indicating potential disruption of host

membrane integrity (Fig. 5a and Fig. S10 in Supporting informa-

tion). Under standard culture conditions, only close surface con-

tacts were observed, with no definitive evidence of intracellular

invasion. Considering that iron limitation enhances P. gingivalis in-

vasiveness, we pre-cultured P. gingivalis under iron-depleted con-

ditions for 24h and conducted infection imaging experiments. Dy-

namic imaging revealed that iron-depleted P. gingivalis exhibited
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Fig. 5. SIM imaging of the interaction between P. gingivalis and the plasma mem-

brane of HGE cells under different conditions. (a) Dynamic SIM imaging of P. gin-

givalis stained with Rho-PMXB (2 μmol/L) for 1h and Halo-adrβ2-expressing HGE

cells stained with SiR-Halo (100nmol/L) for 20min, following 6h of co-incubation.

(b) Dynamic SIM imaging of iron-depleted treatment P. gingivalis stained with Rho-

PMXB (2 μmol/L) for 1h and Halo-adrβ2-expressing HGE cells stained with SiR-

Halo (100nmol/L) for 20min, following 6h of co-incubation. (c) 3D SIM imaging of

iron-depleted treatment P. gingivalis stained with Rho-PMXB (2 μmol/L) for 1 h and

Halo-adrβ2-expressing HGE cells stained with SiR-Halo (100nmol/L) for 20min, fol-

lowing 6h of co-incubation. λex =561nm/640nm. Scale bar: 10 μm.

enhanced adhesion and membrane embedding (Fig. 5b and Fig.

S11 in Supporting information), and 3D imaging confirmed that

these bacteria breached the membrane barrier and entered HGE

cells, with distinct intracellular P. gingivalis signals providing di-

rect visual evidence of completed invasion (Fig. 5c). This repre-

sents direct visualization of enhanced P. gingivalis infectivity un-

der iron-depleted conditions. Using Rho-PMXB, we achieved super-

resolution visualization of the entire process of P. gingivalis invad-

ing HGE cells, systematically revealing bacterial adhesion, inter-

actions with the cytoskeleton and plasma membrane, and subse-

quent entry into host cells. Notably, results obtained under iron-

depleted conditions provided direct evidence that iron deficiency

significantly enhances the invasiveness of P. gingivalis. This not only

broadens our understanding of the pathogenic mechanisms of P.

gingivalis but also offers new insights into the role of the host mi-

croenvironment in pathogen invasion.

In this study, we developed a novel Gram-negative bacterial

OM-specific fluorescent probe Rho-PMXB, which combines the

high-affinity LPS recognition capability of polymyxin with the su-

perior photophysical properties of rhodamine. Rho-PMXB exhibits

high brightness, excellent photostability, and remarkable selectiv-

ity, enabling long-term, high-resolution imaging of bacterial OMs

under live-cell conditions. Using SIM, we visualized dynamic be-

haviors of the E. coli OM during growth, division, and antibiotic

treatment, providing phenotypic evidence consistent with known

antibacterial mechanisms. Furthermore, we applied Rho-PMXB to

investigate infection of HGE cells by the periodontal pathogen P.

gingivalis, enabling super-resolution dynamic visualization of the

entire pathogen-host interaction process. The results revealed bac-

terial adhesion, interactions with host cytoskeletal and plasma

membrane structures, and enhanced invasion under iron-limited

conditions, providing direct insights into the dynamic role of bac-

terial OMs during infection. Rho-PMXB offers a powerful tool for

studying Gram-negative bacterial OM dynamics and pathogen-host

interactions. This work advances our understanding of bacterial

pathogenic mechanisms and antibacterial action modes, and pro-

vides a foundation for the development of OM-targeted antimicro-

bial and diagnostic strategies.
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