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a b s t r a c t

Supramolecular prodrug vesicles (H-4⊃B-2@MB) with selective antibacterial activity have been success-

fully constructed. Specifically, a natural antibiotic prodrug (B-2) with glutathione (GSH)-responsiveness

was synthesized. The hydrophobic interaction between B-2 and a novel water-soluble cavitand with

deep cavity (H-4) resulted in the formation of a host-guest complex, which further self-assembled into

supramolecular vesicles. The formed vesicles could effectively encapsulate the photosensitizer methylene

blue (MB), enabling co-delivery of antibiotics and photosensitizers in the presence of GSH. Moreover,

upon excitation at 630nm, the photosensitizers generate reactive oxygen species (ROS), effectively erad-

icating E. coli through combined chemo-photodynamic therapy. Considering that GSH is predominantly

present in Gram-negative bacteria such as E. coli, this strategy exhibits substantial potential for selec-

tively inhibiting bacteria characterized by high GSH levels to regulate bacterial colony equilibrium.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The prevention and control of bacterial infections are pivotal

and challenging issues in global public health [1,2]. Antibiotics can

inhibit or kill bacteria in the human body, which have saved count-

less individuals from diverse bacterial infections [3-5]. However,

the rapid evolution of antibiotic resistance, caused by the rampant

overuse and misuse of these drugs, can significantly reduce treat-

ment efficacy and disrupt bacterial colony balance at infection sites

within a short period of time [6,7]. To avoid overuse of antibiotics

and obtain more effective antimicrobials, combination therapy is

deemed as one of the most promising strategies owing to its abil-

ity to meet the multiple requirements of pathogen microenviron-

ment [8,9]. Combination therapy refers to the conjunction of dif-

ferent types of drugs or remedies (e.g., chemotherapy and radio-

therapy, chemodynamic therapy and photodynamic therapy (PDT),

chemotherapy and PDT) to increase the ability of killing pathogens

and improving the lives of patients [10-12]. PDT transfers the en-

ergy of light to the surrounding oxygen molecules via photosen-

sitizers, thereby generating reactive oxygen species (ROS) to kill
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pathogens [13,14]. It is worth noting that PDT does not lead to

drug resistance, and no toxicity will be caused by drug accumu-

lation [15]. Therefore, PDT based combination therapy strategies

have attracted increasing attention [16,17]. Although impressive re-

sults have been achieved by these remedies, it is still crucial to de-

velop novel combination therapy strategies that exhibit excellent

strain-selectivity toward various bacteria [18-20].

Due to the rapid development of macrocyclic chemistry

[21-23], strategies for the diagnosis and treatment of diseases

based on supramolecular assembly have sprung up [24-26]. Among

them, host-guest complex-based prodrug delivery systems have

garnered increasing attention owing to their responsiveness to

external stimuli and high drug loading efficiency [27,28], which

makes prodrug strategies competitive for targeted and selective

therapy of pathogens. Furthermore, incorporating drugs or photo-

sensitizers into supramolecular prodrugs offers a promising avenue

for combination therapy, thereby potentially enhancing the efficacy

of targeted therapeutic interventions.

In this paper, we present a chemo-photodynamic antimicrobial

strategy based on supramolecular prodrug vesicles for inhibiting

bacteria with high concentrations of glutathione (GSH) (Scheme 1).

Specifically, a new cavitand (H-4) with a hydrophilic surface and

a hydrophobic deep cavity was successfully synthesized. The pos-
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Scheme 1. Illustration of the formation of supramolecular prodrug vesicles and

their selective chemo-photodynamic antimicrobial process.

itive charges on the surface of H-4 facilitate its strong binding

to negatively charged bacterial cell membranes, resulting in the

disruption of membrane structure and integrity through electro-

static adsorption. Consequently, bacterial activity is effectively in-

hibited. Additionally, the hydrophobic deep cavity of H-4 allowed

for accommodation of various types of guest molecules [29]. Be-

tulinic acid, a natural hydrophobic antibiotic [30], was co-modified

into prodrug guests (B-2) by incorporating an adamantane moiety

and a disulfide bond. These modifications significantly improved its

bioavailability and binding affinity with H-4, and more importantly

endowed it with GSH-responsive capability [31]. Through host-

guest interactions between H-4 and B-2, prodrug amphiphiles were

formed and further assembled into supramolecular prodrug vesi-

cles (H-4⊃B-2) in aqueous solution. By encapsulating methylene

blue (MB) within the cavity of H-4⊃B-2 vesicles, photosensitizer-

loaded prodrug vesicles (H-4⊃B-2@MB) were successfully pre-

pared. Endocytosis facilitated the successful internalization of H-

4⊃B-2@MB vesicles into E. coli. Within the cytoplasm of E. coli,

a relatively high concentration of GSH cleaved the disulfide bond

present in B-2, leading to effective disassembly of H-4⊃B-2@MB

vesicles and subsequent co-release of antibiotics and photosen-

sitizers from their encapsulation sites. Meanwhile, upon excita-

tion at 630nm, photosensitizers generated ROS, effectively eradi-

cating bacteria via combined chemo-photodynamic therapy. There-

fore, the targeted suppression of bacteria with high GSH content

can be achieved using H-4⊃B-2@MB prodrug vesicles. Consider-

ing that GSH is particularly abundant in Gram-negative bacteria

like E. coli [32], this approach holds great potential for developing

Gram-selective antibacterial strategies aimed at regulating bacterial

colony balance in future clinical treatment.

Fig. 1. 1H NMR spectra (400MHz, D2O, 298K) of (a) Ad (1.0mmol/L), (b) Host-guest

complex (H-4:Ad=1:1) and (c) H-4 (1.0mmol/L).

H-4 and B-2 were synthesized according to the reported proce-

dure [33-35], respectively (Schemes S1 and S2 in Supporting infor-

mation). Their chemical structures were characterized by 1H NMR,
13C NMR, 1H–1H COSY, HR-MS (Figs. S1–S14 in Supporting infor-

mation). Initially, to avoid complicated assembly, the binding be-

havior of H-4 and B-2 was studied using 1-adamantane carboxylic

acid (Ad) as a model guest in D2O.
1H NMR spectra (Fig. 1) of

host-guest complex showed that the proton signals of Ad exhib-

ited a prominent upfield chemical shift by the inclusion-induced

shielding effect. The stoichiometry between H-4 and B-2 was 1:1

as measured by the Job’s plot method through UV–vis spectroscopy

(Fig. S15 in Supporting information). An obvious Tyndall effect was

observed after the addition of B-2 into an aqueous solution of H-4

(Fig. S16 in Supporting information), indicating that a large num-

ber of nanoparticles were formed. Furthermore, the best molar ra-

tio for B-2 and H-4 to form nanoaggregates in water was 6:1 as

determined by UV–vis transmittance at 500nm (Fig. S17 in Sup-

porting information). Based on the above-mentioned molar ratio,

the critical aggregation concentration value was determined to be

2.14×10−5 mol/L (Fig. S18 in Supporting information). After encap-

sulating MB into the cavity of H-4⊃B-2 vesicles, we successfully

prepared supramolecular prodrug vesicles loaded with the photo-

sensitizer H-4⊃B-2@MB, which showed obvious Tyndall effect (Fig

2a). The morphology and size of H-4⊃B-2@MB assemblies were

characterized by scanning electron microscope (SEM), transmission

electron microscope (TEM) and dynamic light scattering (DLS), re-

spectively. The SEM image and TEM image confirmed the hollow

vesicle formation of H-4⊃B-2@MB and the vesicles had a regular

shape with an estimated diameter of ∼200nm (Figs. 2b and c),

which was consistent with the hydrodynamic diameter (220nm)

as measured by DLS (Fig. 2d). Zeta-potential (19.4mV) of the H-

4⊃B-2@MB vesicle originated from the positively charged macro-

cycle host, confirming its good stability in solution (Fig. S20 in Sup-

porting information). All detailed procedures for the fabrication of

H-4⊃B-2@MB vesicles were shown in Supporting information.

The disulfide bond in B-2 is sensitive to GSH, therefore H-

4⊃B-2@MB vesicles should possess GSH-responsiveness. As shown

in Fig. 3a, after H-4⊃B-2@MB vesicles being incubated with GSH

(5.0mmol/L, close to GSH concentration in E. coli cytoplasm [36])

for 0.5 h, the fluorescent intensity at 690nm corresponding to

MB emission increased gradually along with incubation time, in-

dicating the successful release of encapsulated MB. On the con-

trary, H-4⊃B-2@MB vesicles showed almost no significant changes

in fluorescence intensity after being incubated in water for over
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Fig. 2. (a) Tyndall effect, (b) SEM image, (c) TEM image, and (d) DLS size distribu-

tion of H-4⊃B-2@MB vesicles, respectively.

Fig. 3. Fluorescence spectra of H-4⊃B-2@MB vesicles after being incubated with (a)

GSH and Triton X-100, and (b) water for different time periods; Absorption spec-

tra of ABDA in the presence of H-4⊃B-2@MB vesicles after being incubated with

(c) GSH (CGSH =5.0mmol/L, t=40min) and (d) with water (t=40min) under dif-

ferent time periods with light (630nm, 20mW/cm2). [H-4⊃B-2@MB]=0.10mmol/L,

[ABDA]=0.10mmol/L.

3 h (Fig. 3b). To rule out the possibility that fluctuations in flu-

orescence signals were caused by time-dependent instability of

the vesicles themselves or non-specific factors, we conducted ex-

tended incubation experiments under various conditions, includ-

ing different temperatures and pH levels. Throughout these exper-

iments, changes in fluorescence intensity were continuously moni-

tored. The results indicate that, apart from GSH, no other potential

factors significantly influenced the observed signal variations (Fig.

S21 in Supporting information). Disulfide bonds, as the stimulus-

responsive element in a prodrug, can be efficiently cleaved under

high concentrations of GSH. The guest molecule B-2 is covalently

linked to betulinic acid through disulfide bonds with adamantane

units. When exposed to high concentrations of GSH, the disulfide

bond within the B-2 molecule undergoes specific cleavage by GSH,

thereby releasing the betulinic acid moiety and photosensitizers

into the surrounding environment. This cleavage process not only

facilitates effective release of the therapeutic agent but also trig-

gers structural changes within the vesicle itself, reducing its stabil-

ity and ultimately leading to vesicle disassembly. The Tyndall ef-

fect of the vesicle solution before and after incubation with GSH

(Fig. S22 in Supporting information) further corroborates this con-

clusion. This feature enables H-4⊃B-2@MB vesicles to effectively

target and treat pathogens with high GSH concentration.

Since PDT efficacy is closely related to the ROS generation

ability of photosensitizers, a ROS indicator 9,10-anthracenediyl-

bis(methylene)dimalonic acid (ABDA) was employed to confirm the

ROS generation by the disassembled H-4⊃B-2@MB vesicles. The

UV absorbance of ABDA at 400nm significantly decreased upon ir-

radiation with 630nm light in GSH-incubated H-4⊃B-2@MB vesi-

cles, which can be attributed to the reaction between ABDA and

ROS generated by MB (Fig. 3c). The gradual decrease in absorbance

of ABDA with increasing light irradiation time indicates continu-

ous generation of ROS. Therefore, it is expected that upon exci-

tation at 630nm, the H-4⊃B-2@MB vesicles can achieve an in-

creased concentration of local ROS, leading to enhanced cyto-

toxicity for chemo-photodynamic therapy. In contrast to GSH-

incubated H-4⊃B-2@MB vesicles, water-incubated H-4⊃B-2@MB

vesicles showed a negligible decrease in UV absorption in the pres-

ence of ABDA under 630nm light irradiation (Fig. 3d).

After confirming the GSH-responsiveness and photodynamic

therapy ability, E. coli and S. aureus, as representatives of two dif-

ferent common pathogenic bacteria, were used to evaluate the an-

tibacterial efficacy of H-4⊃B-2@MB in the presence or absence of

630nm light irradiation. As shown in Figs. 4a and c, H-4⊃B-2 and

H-4⊃B-2@MB exhibited certain antibacterial activity against E. coli

at a concentration of 2 μmol/L under dark conditions, and the

antibacterial activity of H-4⊃B-2@MB was remarkably enhanced

upon 630nm light irradiation, resulting in about 70% reduction of

colony-forming unit (CFU) ratio.

When the concentration was increased to 10.0 μmol/L, the an-

tibacterial activity of H-4⊃B-2 and H-4⊃B-2@MB was further en-

hanced, exhibiting a 99% reduction in CFU ratio of E. coli upon ex-

posure to 630nm light in the H-4⊃B-2@MB group. Moreover, CFU

reduction rate of H-4⊃B-2@MB was increased along with light ir-

radiation time (Fig. S24 in Supporting information), suggesting an

irradiation time dependent antibacterial activity of H-4⊃B-2@MB,

which is presumably due to the sustained ROS generation of MB.

The tolerance of S. aureus treated with the same concentration of

H-4⊃B-2 and H-4⊃B-2@MB (10.0 μmol/L) was superior to that of

E. coli under dark conditions (Fig. 4b and d). Even after exposure to

630nm light treatment, the CUF ratio of S. aureus remained above

50%. The presence of MB did not improve the antibacterial activity

of H-4⊃B-2@MB against S. aureus upon 630nm light irradiation,

indicating that MB did not contribute to the inhibition of S. aureus.

The observed circumstances can be attributed to the dispar-

ity in GSH concentrations within the two bacterial species. The

enhanced antibacterial activity of supramolecular prodrug vesicles

against E. coli can be ascribed to the millimolar GSH concentration

in its cytoplasm, which is necessary for the disassembly of vesicles

and subsequent release of antibiotic betulinic acid and photosensi-

tizer MB. In contrast, the absence of GSH in Gram-positive bacteria

such as S. aureus impedes the disassembly of H-4⊃B-2@MB vesi-

cles, hindering their antibacterial and PDT effects. In summary, this

study demonstrates that H-4⊃B-2@MB has the ability to selectively

inhibit bacteria with high concentrations of GSH.

To verify whether the significantly enhanced antibacterial ef-

fect upon 630nm light irradiation was due to ROS generation, 2,7-

dichlorofluorescein diacetate (DCFH-DA), which can be transformed

into 2,7-dichlorofluorescein (DCF) with strong green fluorescence

when reacts with ROS, was used as a ROS probe. Confocal laser
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scanning microscope (CLSM) images of E. coli treated with DCFH-

DA were shown in Fig. S24. E. coli treated with H-4⊃B-2@MB vesi-

cles exhibited strong green fluorescence upon exposure to 630nm

light, indicating in situ ROS generation of the released MB from

H-4⊃B-2@MB vesicles. However, negligible fluorescence was ob-

served for both control group and H-4⊃B-2@MB vesicles without

light irradiation. This suggests that the antibacterial activity can

be enhanced by the generated ROS under 630nm light irradiation.

To acquire further details of antibacterial activity of H-4⊃B-2@MB

against E. coli in both dark and under 630nm light irradiation, SEM

was employed to catch the morphological changes of bacteria. In

the control group treated with Luria-Bertani (LB) broth, smooth

surfaces and intact structure of bacterial cells were observed, in-

dicating that the light exhibited negligible effect on bacterial activ-

ity (Figs. 5a and b). For H-4⊃B-2@MB-treated E. coli in the dark,

sectionally damaged membranes were observed (Fig. 5c). This re-

sult can be attributed to the combined action of antibiotic betulinic

acid and positively charged water-soluble host. Upon 630nm light

irradiation, fragmented bacterial cells were observed in H-4⊃B-

2@MB-treated E. coli group, with some completely collapsing due

to the generation of ROS from the released MB photosensitizers

(Fig. 5d).

In conclusion, we have successfully constructed GSH-responsive

supramolecular prodrug vesicles H-4⊃B-2@MB for selective inhi-

bition of bacteria with high concentrations of GSH via combined

chemo-photodynamic therapy. In vitro studies demonstrated that

H-4⊃B-2@MB vesicles could achieve efficient delivery and selec-

tive release of antibiotics and photosensitizers triggered by GSH

stimulation. This system exhibits high ROS production, exceptional

Fig. 4. (a, b) CFU rates and (c, d) representative CFU on LB agar plate for E. coli

and S. aureus, after incubated with different concentrations of H-4⊃B-2 and H-4⊃B-

2@MB in dark and light (630nm, 120 s). Note: Standard deviations (SD) were cal-

culated for n=3. In (a), the mean values showed a significant difference from the

control group at P<0.05; in (b), the mean values did not show a significant dif-

ference from the control group at P>0.05, as determined by one-way ANOVA. μM:

μmol/L.

Fig. 5. Morphologies of E. coli treated with LB (a) in the dark, (b) under 630nm

light, and with H-4⊃B-2@MB vesicles (c) in the dark, and (d) under 630nm light.

Scale bar: 2 μm.

selectivity, and excellent bacteriostatic effects against E. coli. The

present study presents a straightforward and effective therapeutic

approach with long-lasting implications for combating bacterial in-

fections and facilitating selective treatment. Specifically, by replac-

ing MB with NIR-responsive or ultrasound-responsive sensitizer, it

offers a novel avenue for enhanced tissue penetration in photody-

namic therapy.
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