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A B S T R A C T

Vacuoles are unique organelles of fungi. The development of probes targeting the vacuoles membrane will enable 
visualization of physiological processes and precise diagnosis and therapy. Herein, a zwitterionic molecule, MXF- 
R, comprising of an aggregation-induced emission (AIE) photosensitizing unit and an antibiotic moxifloxacin, 
was found capable of specifically imaging vacuole membrane and using for targeted antifungal therapy. MXF-R 
demonstrated a higher signal-to-noise ratio, stronger targeting capability, and better biocompatibility than the 
commercial probe FM4-64. By using MXF-R, real-time visualization of vacuole formation during Candida albicans 
(C. albicans) proliferation was achieved. More importantly, owing to its varying staining ability towards different 
fungus, MXF-R could be used to quickly identify C. albicans in mixed strains by fluorescence imaging. Moreover, 
MXF-R exhibits a remarkable ability to generate reactive oxygen species under white light, effectively eradicating 
C. albicans by disrupting membrane structure. This antifungal therapy of membrane damage is more effective 
than clinical drug fluconazole. Therefore, this work not only presents the initial discovery of a probe targeting 
vacuolar membrane, but also provides a way to develop novel materials to realize integrated diagnosis and 
therapy.

1. Introduction

Fungal infections will lead to a range of diseases such as aspergillosis, 
septicemia, and meningitis, presenting a significant threat to human 
health [1]. In clinical practice, the diagnosis of fungal infections usually 
requires the culture and strain identification of microbial samples, 
which takes a relatively long time. The fast replication of fungi through 
asexual reproduction often results in the swift deterioration of the dis-
eases. Moreover, in the treatment of fungal infections, antibiotics are the 
primary approach, but it’s very difficult to completely eradicate fungi. 

Long-term use of antibiotics is required to inhibit the growth of fungi, 
but prolonged usage of antibiotics would lead to the drug resistance [2,
3]. Therefore, rapid fungal infections diagnosis and effective treatment 
are two crucial research subjects in clinical practice [4–12].

The fungal vacuole serves as a distinctive organelle response for 
storing enzymes, amino acids and nutrients, regulating osmotic pres-
sure, and performing lysosomal functions. The form, number, and size of 
vacuoles vary with the morphology and age of the fungus [13]. More-
over, vacuoles are typically present in mature fungus and serve as 
crucial indicators of different phenotype [14]. The development of 
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targeted fungal vacuole membrane probes that can visualize the loca-
tion, distribution and dynamic changes of vacuoles, is highly important 
because it enables rapid differentiation of fungal species through vacu-
ole membrane staining and thus realize the diagnosis of fungi. More 
importantly, compared with antibiotics, which could easily lead to 
resistance, the treatment which destroyed the membrane structure will 
be more effective and less resistant [15–18]. However, the current 
development of targeted fluorescent probes predominantly focuses on 
cells with relatively few reports on fungal organelles [19–25]. Further-
more, fewer studies have been reported on the internal vacuole mem-
brane, because the similar membrane structure of the vacuolar 
membrane and the outer cell membrane makes it difficult to distinguish 
accurately. At present, fungal vacuoles could be labeled with commer-
cial cell membrane probes because of their monolayer membrane 
structures. These probes such as FM4-64 often feature two-ion salt 
components with pyridine salt and quaternary ammonium salt [26]. 
Nonetheless, certain limitations exist with these probes, including poor 
specificity, altering fungal activity, low signal-to-noise ratio, 
aggregation-caused quenching (ACQ) effect, single function, expensive 
and so on (Fig. 1A). To address these challenges, the development of 
alternative fluorescent probes targeting membrane structures necessi-
tates the exploration of novel strategies.

Notably, targeting has always been a difficult problem in the process 
of fluorescent probes discoveries [27,28]. It is mainly because the tar-
geted molecules are quite limited, and their targeting ability will be 

greatly reduced or even ineffective after the targeted molecules are 
attached to fluorescent probes [29,30]. Moreover, for some targeting 
probes, their targeting mechanism is not clear, which is difficult to guide 
further development of such probes. Drugs have been widely recognized 
as targeted molecules. The combination of drugs and fluorescent mole-
cules to prepare targeted probes has proved to be an effective strategy 
[31]. For example, the commercial endoplasmic reticulum (ER) dye 
ER-Tracker Green achieved targeted imaging by linking glibenclamide 
and BODIPY derivatives.

Our group has been committed to the selective imaging and killing of 
microorganisms [32–35]. In our previous work, we studied the optical 
properties and structure-activity relationships of the antibiotic moxi-
floxacin (MXF) and developed functionalized MXF derivatives for the 
diagnosis and treatment [30,35], which have the advantages of fast 
identification of microorganisms and are not easy to produce drug 
resistance. In addition to being a clinical antibiotic against bacteria, 
MXF has also been found to inhibit fungi through multitargeting [36]. As 
a microorganism with more complex structure than bacteria, the rapid 
diagnosis and effective treatment of fungi is a challenge in clinical 
practice.

Occasionally, we found MXF-R, comprising of an AIE photo-
sensitizing unit and an antibiotic MXF, showed a remarkable ability to 
target the vacuolar membrane of fungi (Fig. 1A). However, its AIEgen of 
DMAPy can only target mitochondria (Fig. S1). The targeting capability 
of MXF-R enables visualization of the in-situ vacuole formation process 

Fig. 1. Design of AIE-active vacuolar membrane probe and biological applications. (A) Disadvantages of commercial vacuole membrane probe FM4-64 and ad-
vantages of AIE-active vacuolar membrane probe MXF-R. (B) Visualizing the proliferation of Candida albicans using MXF-R. (C) The fungal species differentiation and 
photodynamic antifungal therapy of MXF-R.
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during the proliferation of C. albicans (Fig. 1B), which encouraged us to 
conduct a comprehensive analysis to study its underlying mechanism. It 
is worth noting that MXF-R exhibited higher signal-to-noise ratio, and 
better biocompatibility than FM4-64. By leveraging the differential 
staining ability of MXF-R for different funguses, we successfully identi-
fied various types of funguses. In addition, ROS production ability of 
MXF-R was harnessed to effectively eliminate C. albicans, surpassing the 
efficacy of the commercial antibiotic fluconazole (Fig. 1C). This study 
not only identifies a novel fluorescent probe that target the vacuole 
membrane with high efficiency, but also paves a way for the develop-
ment of the probes for the integrated rapid diagnosis and treatment of 
fungal infections.

2. Materials and methods

2.1. Materials

All chemicals and reagents were purchased from commercial com-
panies and used without further purification. Phosphatidyl ethanol-
amine (POPE) and 1-palmitoacyl-2-oleyl lecithin (POPC) were 
purchased from Energy Chemical. FM4-64 and fluconazole were pur-
chased from aladdin. DMEM (Dulbecco’s modified Eagle medium) and 
fetal bovine serum (FBS) were purchased from Termo Fisher Scientific 
(Shanghai, China). HeLa cells were obtained from cell culture center of 
Institute of Basic Medical Sciences, Chinese Academy of Medical Science 
(Beijing, China). Saccharomyces cerevisiae and Candida albicans were 
obtained from China General Microbiological Culture Collection Center. 
Candida tropicalis, Candida parapsilosis, Candida glabrata, Aspergillus 
fumigatus, Aspergillus niger, Aspergillus flavus and Aspergillus terrestris 
were obtained from Guangdong Provincial People’s Hospital.

2.2. Culture and staining of funguses

A single fungal colony on a solid agar plate was transferred to 10 mL 
liquid yeast extract peptone dextrose (YPD) medium and cultured at 
30 ◦C or 37 ◦C (Saccharomyces cerevisiae, Candida albicans, Candida tro-
picalis, Candida parapsilosis and Candida glabrata cultured at 30 ◦C are 
yeast morphologies, while these fungi cultured at 37 ◦C are pseudohy-
phal or mycelium morphologies) for 10 h. Aspergillus fumigatus, Asper-
gillus niger, Aspergillus flavus and Aspergillus terrestris were cultured in 
YPD medium at 30 ◦C for 3 days. Funguses were harvested by centri-
fugation (7100 rpm, 2 min) and washed with PBS solution for 3 times. 
The supernatant was removed and fungi was suspended in PBS, and 
diluted to an optical density of 2.0 at 600 nm (OD600 = 2.0).

2.3. Fungal staining and imaging

The fungi solution (100 μL, OD600 = 2.0) was added to 900 μL PBS 
solution containing MXF-R or DMAPy to produce the mixture with the 
concentration of 10 μM. Then the mixture was incubated at 37 ◦C for 
certain times. The fungi were harvested by centrifuging (7100 rpm for 2 
min) and re-suspended in 30 μL PBS. 5 μL fungal solution was added to 
the glass slides, and covered with a coverslip to fix fungi. The samples 
were imaged using confocal laser scanning microscopy (CLSM). The 
excitation wavelength of DMAPy and MXF-R was 488 nm.

2.4. Visualization of fungal proliferation process

The C. albicans was stained using MXF-R according to the fungal 
staining method. The C. albicans were harvested by centrifugation 
(7100 rpm for 2 min) and re-suspended in 1 mL YPD medium. The 
C. albicans solution was added to a covered petri dish with a coverslip to 
fix C. albicans. In the online culture system of CLSM, the C. albicans were 
cultured at 37 ◦C to observe the proliferation by imaging.

2.5. Fungal viability and photodynamic killing

Various concentrations of FM4-64, MXF-R or DMAPy were incubated 
with C. albicans (OD600 = 0.2) in PBS solutions. For the photodynamic 
group, after incubated for 20 min, the mixed C. albicans suspension was 
irradiated for 30 min under white light (90 mW/cm2). For the group 
without irradiation, the C. albicans suspension was incubated for 50 min. 
These C. albicans suspensions were serially diluted 500 times with PBS. 
C. albicans suspension (100 μL) was dripped into the agar plate and then 
dispersed evenly by the spreader. After C. albicans of agar plates were 
incubated at 37 ◦C for 24 h, the colonies were counted.

Fungal viability (%) was calculated as following: 

Fungal viability = C/C0 × 100%;                                                        

where C is the CFU of the experimental group treated by in FM4-64, 
MXF-R or DMAPy, and C0 is the CFU of the PBS group.

2.6. Analysis of reactive oxygen species in funguses

DCFH-DA was used as an indicator to detect the production of 
reactive oxygen species in fungi. After 500 μM N-acetyl-L-cysteine 
(NAC) or 10 μM DCFH-DA was incubated with C. albicans (OD600 = 0.2) 
in PBS solution at 37 ◦C for 1 h. MXF-R (stock solution: 10 mM in DMSO) 
were added to the fungal suspensions to produce the solution with the 
concentration of 10 μM. For the white light irradiation group, after 
incubated for 20 min, the fungal suspensions were exposed to white light 
(90 mW/cm2) for 5 min. Whereas that without white light irradiation, 
the fungal suspensions were incubated for 25 min. Fungi were harvested 
by centrifuging and re-suspended in 30 μL of PBS. The stained fungal 
solution (5 μL) was added to glass slides, and then covered with a 
coverslip to fix fungi. The samples were observed by CLSM. The exci-
tation wavelength was 488 nm. The fluorescence signal of indicator was 
monitored in a range of 500–550 nm.

2.7. Scanning electron microscopy (SEM) analysis

First, C. albicans (OD600 = 0.2) were incubated in PBS solution at 
37 ◦C under different treatment conditions. For the white light irradia-
tion group, after incubated for 20 min, the fungal suspensions were 
exposed to white light (90 mW/cm2) for 30 min, and that without white 
light irradiation, the fungal suspensions were incubated for 50 min. 
Next, the fungi were washed three times with PBS and then fixed with 3 
% glutaraldehyde overnight. Afterward, the fungi were washed five 
times with PBS and then dehydrated with 20 %, 40 %, 60 %, 70 %, 80 %, 
90 %, 95 % and 100 % ethanol in sequence over 10 min the C. albicans 
suspensions were dropped on the silicon chip for natural evaporation to 
make the samples. Finally, the samples were sprayed by gold and pho-
tographed by SEM.

3. Results and discussion

3.1. Photophysical properties of MXF-R

MXF-R were synthesized according to our reported methods by 
attaching DMAPy to the secondary amine part of MXF [35]. Next, the 
photophysical properties of MXF-R in PBS containing 1 % DMSO before 
and after binding with C. albicans were characterized. As shown in 
Fig. 2A, the maximum absorption peak of MXF-R was recorded at 462 
nm. After addition of C. albicans (OD600 = 2.0), the wavelength did not 
show significant change, indicating that C. albicans only had very slight 
effect on the absorption wavelength of MXF-R. Furthermore, the pho-
toluminescence (PL) spectra of the MXF-R in PBS solution containing 1 
% DMSO before and after binding with C. albicans were also tested. In 
the absence of C. albicans, the PL intensity of MXF-R were weak. How-
ever, after addition of C. albicans, its PL intensity was obviously 
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strengthened and the emission wavelength was blue-shifted (Fig. 2B). 
This might be attributed to the decrease in the polarity of the environ-
ment around the molecules after MXF-R binds to C. albicans. To accu-
rately show the PL changes, the absolute PL quantum yields of MXF-R 
solutions were characterized before and after binding with C. albicans, 
which increased from 0.8 % to 1.9 % (Fig. 2C). The restriction of 
intramolecular motions of MXF-R after binding with C. albicans could be 
the main reason of the enhanced PL quantum yields. To further validate 
this hypothesis, we conducted PL spectra of MXF-R at varying glycerol 
concentrations (Fig. S2). The results indicated a progressive enhance-
ment in its PL intensity as the glycerol concentration increased because 
of the restriction of intramolecular motion. In addition, the stability of 
MXF-R was analyzed under different pH conditions by high performance 
liquid chromatography, and the results showed that it remained intact in 
buffer solutions at pH 5.5, 7.4 and 9.0 (Fig. S3), which laid the foun-
dation for the potential use of MXF-R in bioimaging and therapeutic 
applications.

3.2. Location distribution of molecules in C. albicans

Thanks to its AIE feature, we further explored the distribution of 

MXF-R in C. albicans. For comparison, DMAPy, and the DNA fluorescent 
dye Hoechst 33342 were also used. As shown in Fig. 2D and S4, the 
location of the nucleus was labeled with the blue fluorescent dye 
Hoechst 33342. DMAPy was mainly distributed outside the nucleus and 
filled with the entire C. albicans, while MXF-R was attached to dot or 
circle structures. By analyzing the structure of the fungus [13,14], those 
circles and dots are the vacuolar membranes and their precursors. Next, 
fluorescent co-localization imaging experiments were performed using 
DMAPy and mitochondrial dye Mito-Tracker Green. The results showed 
that they were highly overlapped and the Pearson’s correlation coeffi-
cient (R) up to 0.96 (Fig. 2E), which might be attributed to the elec-
trostatic adsorption of the positively charged DMAPy with the 
negatively charged mitochondria. To elucidate the distinct staining 
characteristics of DMAPy and MXF-R, the zeta potentials were recorded, 
which demonstrated that the latter had a lower positive charge than the 
former (Fig. S5). This is because the carboxylic acid group in the MXF 
moiety of MXF-R neutralizes a portion of the positive charge. In addi-
tion, we speculate that the larger steric hindrance of MXF may increase 
the residence time of MXF-R on the membrane. Therefore, the MXF unit 
in MXF-R plays a very important role for this targeting behavior.

Fig. 2. (A) Normalized absorption spectra of MXF-R in PBS solution containing 1 % DMSO before and after addition of C. albicans. (B) PL spectra of MXF-R in PBS 
solution containing 1 % DMSO before and after addition of C. albicans. (C) The absolute PL quantum yield of MXF-R in PBS solutions containing 1 % DMSO before and 
after addition of C. albicans. The OD600 value of C. albicans was 2.0. (D) Fluorescent photographs of C. albicans stained with MXF-R and Hoechst 33342. (E) 
Fluorescent photographs of C. albicans co-stained with DMAPy and Mito-Tracker Green and the pearson’s correlation coefficients (R) was 0.96; Concentration: 10 μM. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Fluorescent imaging of MXF-R and FM4-64

Next, the fluorescent imaging effect of MXF-R and FM4-64 on the 
vacuolar membranes of C. albicans was compared. As shown in 
Fig. 3A–C, FM4-64 not only stained the vacuolar membrane, but also the 
residues on the outer plasma membrane of the fungus. Meanwhile, the 
intensity profile of synchrony for linear analysis showed that the fluo-
rescence intensity of FM4-64 on the vacuolar membrane was 1.3–3.9 
times higher than that on the plasma membrane (Fig. 3B and C). In 
contrast, the fluorescence intensity of MXF-R on the vacuolar membrane 
was 4.8–8.9 times higher than that on the plasma membrane 
(Fig. 3D–F). This could be attributed to the binding of MXF-R to the 
vacuolar membrane, which led to the restriction of intramolecular mo-
tion and thus enhanced fluorescence intensity. These results confirmed 
that MXF-R possessed higher signal-to-noise ratio in staining vacuolar 
membrane than that of FM4-64. In addition, fluorescent staining ex-
periments of MXF-R and FM4-64 were performed on C. albicans of 
pseudohyphal morphologies. It was found that MXF-R remained less on 
the plasma membrane and surpassingly stained the internal vacuolar 
membrane (Fig. 3G). However, FM4-64 was mainly distributed in the 
plasma membrane (Fig. 3H). The results revealed that MXF-R showed 
excellent staining effect on the vacuolar membrane of fungi, and supe-
rior over FM4-64.

3.4. Theoretical simulation of targeting membrane capability

To reveal the reason of the specific staining of vacuolar membranes 
by MXF-R, its function was analyzed. For comparison, MXF and DMAPy 
were also used. First, the octanol-water partition coefficient (logP) of 
MXF, MXF-R, DMAPy was tested by the shake-flask method. The results 
showed that logP of MXF, MXF-R and DMAPy were − 1.486, − 0.790, and 
0.927, respectively, indicating that their hydrophobicity was gradually 
increased (Fig. S6). In addition, molecular dynamics simulations were 
conducted to examine the interaction between MXF-R or DMAPy and 
lipid membranes. The 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) bilayer membrane was constructed to simulate the lipid 
membrane (Fig. 4A and Fig. S7) and mass density profiles of tail, 
headgroup and water was shown in Fig. S8. For clarity, the membrane 
center was defined as Z = 0 Å and symmetrically extended. As the Z 
value increases from 0 to 40 Å, the lipophilicity gradually changes from 
hydrophobic to hydrophilic. Next, MXF-R and DMAPy were used to 
insert into the center of the lipid membrane model, adequately equili-
brated, and subsequently analyzed their positions and intermolecular 
interactions. Fig. 4B and C showed the representational snapshots of 
MXF-R and DMAPy interacting with the membrane at their global 
minima. The distribution of the geometric center of MXF-R and DMAPy 
at different Z-positions was showed in Fig. 4D, which revealed that MXF- 
R preferably stayed in the lipid membrane for a longer time than that of 
DMAPy. Moreover, the interaction energy (mainly van der Waals 

Fig. 3. (A) Photographs of C. albicans (yeast morphologies) stained with commercial dye FM4-64 in PBS solution. The intensity profile of synchrony for linear 
analysis in (B) the white arrow and (C) the yellow arrow in Fig. 3A, respectively. (D) Photographs of C. albicans (yeast morphologies) stained with MXF-R in PBS 
solution. The intensity profile of synchrony for linear analysis in (E) the white arrow and (F) the yellow arrow in Fig. 3D, respectively. Photographs of C. albicans 
(pseudohyphal morphologies) stained with (G) MXF-R and (H) FM4-64 in PBS solution. The concentration of MXF-R was 10 μM. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.)
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energy) between the molecules and the POPC lipid bilayers demon-
strated that MXF-R had a higher energy through lipid membranes than 
that of DMAPy (Fig. 4E and F and Fig. S9). This result suggested that 
MXF-R was relatively difficult to penetrate the membrane.

To further test the membrane-targeting capabilities of MXF-R, cell 
imaging experiments were performed because the cell membrane and 
vacuole membrane have similar phospholipid bilayer structure. As 
shown in Fig. S10, MXF-R remained on the cell membrane for a long 
time, while DMAPy entered HeLa cells smoothly with the extension of 
time. This result indicated that MXF-R had better retention ability in the 
membrane than DMAPy, which was consistent with the theoretical 
calculation.

Furthermore, the fluorescent co-localization experiment showed that 
MXF-R highly overlapped with the green plasma membrane stain and 
the Pearson’s correlation coefficient R was 0.86 (Fig. S11). Phosphatidyl 
ethanolamine (POPE) and 1-palmitoacyl-2-oleyl lecithin (POPC) are the 
main components of phospholipid bilayer. Therefore, the fluorescence 
spectra of MXF-R were tested with different concentrations of POPE and 
POPC. The results showed that with the increase of POPE and POPC, the 
PL intensity of MXF-R was enhanced obviously and the emission 
wavelength was blue-shifted (Fig. 4G and H). To sum up, as a positively 
charged amphiphilic molecule, the hydrophobic portion of MXF-R can 
be easily inserted into the phospholipid bilayer by the hydrophobic 

interaction. Meanwhile, the positive charge of pyridinium electrostati-
cally interacted with phosphoric acid. Notably, because MXF moiety in 
MXF-R possesses the hydrophilicity and large steric resistance, the 
resistance of MXF-R through excellent lipid membrane was greatly 
enhanced. Therefore, MXF-R possessed phospholipid bimolecular tar-
geting ability (Fig. 4I).

3.5. Visualization of fungal vacuole formation

Encouraged by above excellent staining effect of MXF-R on vacuolar 
membrane of C. albicans, we applied it to visualize the formation process 
of vacuoles, which could help researchers understand how funguses 
proliferate. First, C. albicans stained by MXF-R were cultured in yeast 
extract peptone dextrose (YPD) medium at 37 ◦C. Then, the process of 
fungal vacuole formation was visualized under CLSM. As shown in Fig. 5
and S12, the progeny of C. albicans appeared and gradually grew by 
budding reproduction after incubation for 30 min. Moreover, at 45 min, 
the red fluorescence signal was detected in the progeny. From 48 to 57 
min, the fluorescently-stained substance in the parent generation were 
gradually transferred to the offsprings. At 60 min, two circular vesicle 
structures were visualized in the parent C. albicans while those 
fluorescently-stained substances kept transferring. From 66 to 72 min, 
the translocation of the fluorescently-stained substances was completed 

Fig. 4. (A) The simulation model of POPC lipid membrane in water. The simulation model of (B) DMAPy and (C) MXF-R molecules in the POPC lipid bilayers. (D) 
The distribution of the geometric center of the AIE molecules at different Z-positions within the POPC lipid bilayers. The Coulombic (black), van der Waals (red), and 
total (blue) interaction energies between (E) DMAPy or (F) MXF-R and the POPC lipid bilayers. PL intensity of MXF-R at different concentrations (G) POPE or (H) 
POPC, where the concentration of MXF-R was 10 μM. (I) Analysis of hydrophilic and hydrophobic parts of MXF-R and schematic diagram of MXF-R’s distribution in 
the lipid membrane. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Fluorescent photographs of the proliferation process of C. albicans visualized by MXF-R at 37 ◦C. The blue arrow indicates the progeny of C. albicans. The 
yellow arrows indicate the transfer of substance during vacuole formation. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.)

Fig. 6. (A) Fluorescent photographs of different fungal strains stained by MXF-R in PBS solution for 20 min. (B) Fluorescent photographs of mixed strains (C. albicans 
and S. cerevisiae) incubated with MXF-R in PBS solution for 20 min. (C) Fluorescent photographs of S. cerevisiae incubated with MXF-R in PBS solution with prolonged 
incubation time. The concentration of MXF-R was 10 μM, OD600 = 0.2.
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and the two vesicles were merged to form a complete vacuole in the 
parent fungus. Next, the vacuole gradually grew and eventually formed 
a mature vacuole from 75 to 87 min. In addition, C. albicans (yeast, 
hypha and pseudohyphae) with the different morphologies were stained 
by MXF-R (Fig. S13). Except for staining on the vacuolar membrane, the 
fluorescently-stained substance was localized at the anterior end of hy-
phal C. albicans, which was the result of the continuous proliferation of 
C. albicans. Consequently, we inference that the fluorescently-stained 
substance was passed along with the propagation of hyphal C. albicans 
(Fig. S13). This is the first time to observe the vacuole formation process 
using fluorescence imaging, demonstrating the capability of MXF-R for 
in situ visualization of biological proliferation processes.

3.6. Fungal species differentiation

The identification of different fungal species is a prerequisite for 
effective treatment in clinical treatment. Fluorescence imaging tech-
nology has been applied to the identification of different species of mi-
croorganisms because of its simple operation, in situ visualization, and 
rapid detection [37,38]. However, the identification of different types of 
funguses is very difficult because they possess highly similar morpho-
logical structures. To test whether MXF-R has the capability to 
discriminate different funguses, we used it to stain different fungal 
species. As shown in Fig. 6A, MXF-R was incubated with different fun-
guses in PBS solutions for 20 min. The results showed that MXF-R was 
difficult to stain Saccharomyces cerevisiae (S. cerevisiae). Whereas, MXF-R 
was mainly distributed in the vacuolar membrane of Candida tropicalis, 
Candida parapsilosis and Candida glabrata, which were similar to that of 
C. albicans. However, MXF-R mainly entered the interior of the molds 
(Aspergillus fumigatus, Aspergillus niger, Aspergillus flavus and Aspergillus 
terrestris) without specific targeting. As a sharp contrast, the staining 
position of DMAPy was mainly in the mitochondria for S. cerevisiae, 
Candida tropicalis, Candida parapsilosis and Candida glabrata without 
difference (Fig. S14). In addition, the staining of the molds by DMAPy 
was similar to that of MXF-R (Fig. S15).

Next, we mixed C. albicans and S. cerevisiae to simulate their sym-
biotic environment, and then MXF-R was incubated with the mixed 
fungal sample in PBS solution for 20 min. It was found that MXF-R could 
specifically recognize and stain C. albicans, while no significant fluo-
rescence signal was observed in S. cerevisiae (Fig. 6B). It is worth 
pointing out that the fungi indicated by arrows in Fig. 6B are difficult to 
distinguish by appearance and morphology (Fig. 6B). Furthermore, the 
method of fluorescent staining can be quickly and accurately identified.

Next, the reason for the specific staining of C. albicans was explored. 
We hypothesized that this staining difference might be due to the 
different entering rates of MXF-R. Therefore, we took fluorescent pho-
tographs of S. cerevisiae with MXF-R at different intervals (Fig. 6C). 
When incubating for 20 min, MXF-R entered the interior of S. cerevisiae, 
but there was little fluorescence signal on the vacuolar membrane. When 
the incubation time reached 2 h, MXF-R began to enrich on the vacuolar 
membrane and fluorescence signals appeared. With incubation time 
reaching 4 h, the red-emission of MXF-R was found on vacuolar mem-
brane. These results also confirmed MXF-R require relatively longer time 
to stain the vacuole membrane in S. cerevisiae than that of C. albicans.

Furthermore, S. cerevisiae and C. albicans was treated with 75 % 
ethanol to change the permeability of their plasma membrane. Using the 
same staining method, it was found that MXF-R rapidly entered these 
S. cerevisiae and was evenly distributed within the fungal cells 
(Fig. S16A). Notably, MXF-R had lost its ability to target vacuolar 
membranes in the treated C. albicans (Fig. S16B). These results indicated 
that the survival state of C. albicans had a great influence on targeting 
imaging by MXF-R. In addition, the C. albicans stained by MXF-R were 
fixed with 4 % paraformaldehyde, and the results showed that the MXF- 
R on the membrane were detached and dispersed within the fungal cells 
(Fig. S16C). These experiments suggest that MXF-R can only target 
vacuolar membranes in live fungi.

3.7. Fungi killing by MXF-R

In addition to achieving the differentiation of fungal species, the 
antifungal effect of MXF-R was investigated. For comparison, FM4-64 
and DMAPy were also tested. First, the survival rates of the C. albicans 
stained with FM4-64, DMAPy or MXF-R were investigated by incubating 
in PBS for 50 min and coating on plates in the absence of light. The 
results showed that with the increase in the concentration of FM4-64 
and DMAPy, the activity of C. albicans gradually decreased (Figs. S17 
and 18). When the concentrations of FM4-64 and DMAPy were 10 μM, 
the survival rates of C. albicans were 67 % and 37 %, respectively. This 
antifungal effect possibly due to the positive charge of compounds dis-
rupted the functions of fungus. In contrast, MXF-R had little effect on 
C. albicans at concentrations below 10 μM (Fig. 7A), suggesting that 
MXF-R possesses a good biocompatibility in dark, thus are suitable for 
fungal imaging. This effect might be ascribed to the presence of MXF 
unit in MXF-R that introduces a carboxyl group to partially neutralize 
positive charge (Fig. S5). Notably, owing to the incorporation of DMAPy 
derivative as photosensitizing unit, MXF-R could generate ROS upon 
light irradiation, which could be used to kill C. albicans. When the 
C. albicans suspensions were exposed to white light for 30 min in the 
presence of MXF-R and DMAPy with a concentration of 10 μM for 20 
min, the fungi were killed with rates as high as 99.5 % (Fig. 7B and 
Fig. S18). Furthermore, the therapeutic efficiency of photodynamic 
therapy (PDT) of MXF-R and DMAPy was compared with the antifungal 
drug Fluconazole in terms of antifungal activity, and the results indi-
cated that the antifungal effect of Fluconazole was much lower than that 
of MXF-R and DMAPy with white light irradiation (Fig. S19).

After proving the antifungal effect of MXF-R, its mechanism was 
studied. DCFH-DA, an indicator of ROS, was used to monitor changes in 
the content of ROS in C. albicans with or without white light irradiation. 
In the absence of white light, MXF-R-treated C. albicans showed no 
obvious green fluorescence signal from the indicator (Fig. 7C), whereas, 
upon irradiated by white light for 5 min, a green fluorescence of DCF 
became stronger. Notably, after the addition of the ROS scavenger of n- 
acetyl-L-cysteine (NAC), no significant green fluorescence of DCF was 
detected under white light irradiation (Fig. S20). These findings indicate 
that the killing of C. albicans in the presence of MXF-R is via PDT.

Following, we studied the changes in the distribution of MXF-R and 
DMAPy in C. albicans before and after white light irradiation by fluo-
rescence imaging (Fig. 7D and S21). MXF-R stained the precursors of 
vacuolar membranes while DMAPy mainly distributed in mitochondria 
in the absence of white light irradiation. After white light irradiation, 
MXF-R began to shed from the original stained structure and dispersed 
whole C. albicans. However, the distribution of DMAPy in C. albicans was 
retained in mitochondria. This distribution change indirectly indicated 
that the vacuolar membrane of C. albicans was destroyed by PDT. 
Moreover, the effect of PDT on the morphology of C. albicans was studied 
through scanning electron microscopy (SEM). After incubating MXF-R 
with C. albicans in PBS for 50 min, the outer membrane of the 
C. albicans remained intact. However, when the system was irradiated by 
white light for 30 min, the depression of the outer membrane of the 
C. albicans could be clearly observed (Fig. 7E), confirming that MXF-R 
destroyed the fungal membrane structure to achieve rapid fungi 
killing. It is worth mentioning that MXF-R shows excellent biocompat-
ibility toward normal L929 cells under both light irradiated and dark 
conditions as confirmed by the cytotoxicity experiments (Fig. S22). 
Thanks to its effective species selectivity and potent antifungal proper-
ties, MXF-R holds great potential as a diagnostic and therapeutic agent 
in clinical diseases, such as vaginitis and wound infection caused by 
candida.

4. Conclusion

In this work, we demonstrated that a biocompatible AIE probe of 
MXF-R could specifically image C. albicans vacuolar membranes, and is 
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significantly superior over the commercial probe of FM4-64. More 
importantly, MXF-R possessed less effect on the activity of C. albicans 
than the positively-charged DMAPy and FM4-64. Thanks to its excellent 
ability to target vacuolar membranes, MXF-R could in situ trace the 
vacuole formation process of C. albicans, and fluorescently differentiate 
C. albicans and S. cerevisiae by taking advantage of their different inner 
structures. Moreover, the efficient ROS generation ability of MXF-R 
make it applicable in rapid killing of C. albicans by destroying its 
plasma membrane and vacuolar membrane, and its antifungal effect is 
better than that of the Fluconazole. Therefore, for the first time, we 
reported a multifunctional vacuolar membrane probe for vacuole for-
mation visualization, fungal species differentiation and photodynamic 
killing, which provided a favorable tool for the rapid detection and 
effective treatment of fungal infections.
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