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A probiotic nanozyme hydrogel regulates vaginal
microenvironment for Candida vaginitis therapy
Gen Wei1, Quanyi Liu1,2,3, Xiaoyu Wang1, Zijun Zhou1, Xiaozhi Zhao4, Wanqing Zhou5,
Wanling Liu1, Yihong Zhang1, Shujie Liu1, Chenxin Zhu1, Hui Wei1,6*

Molecular therapeutics are limited for Candida vaginitis because they damage normal cells and tissues of
vagina, aggravating the imbalance of vaginal microbiota and increasing the recurrence. To tackle this limitation,
through the combination of peroxidase-like rGO@FeS2 nanozymes [reduced graphene oxide (rGO)] with Lacto-
bacillus-produced lactic acid and H2O2, a responsive hyaluronic acid (HA) hydrogel rGO@FeS2/Lactobacillus@HA
(FeLab) is developed. FeLab has simultaneous anti–Candida albicans and vaginal microbiota–modulating activ-
ities. In particular, the hydroxyl radical produced from rGO@FeS2 nanozymes and Lactobacillus kills C. albicans
isolated from clinical specimens without affecting Lactobacillus. In mice with Candida vaginitis, FeLab has
obvious anti–C. albicans activity but hardly damages vaginal mucosa cells, which is beneficial to vaginal
mucosa repair. Moreover, a higher proportion of Firmicutes (especially Lactobacillus) and a decrease in Proteo-
bacteria reshape a healthy vaginal microbiota to reduce the recurrence. These results provide a combined ther-
apeutic of nanozymes and probiotics with translational promise for Candida vaginitis therapy.
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INTRODUCTION
Candida vaginitis, a common fungal vulvovaginal inflammatory
disease usually caused by Candida albicans (1), occurs in approxi-
mately 75% of all women worldwide. Even more seriously, 5 to 8%
of these women have suffered from recurrence. Because of its high
incidence and nature of recurrence, Candida vaginitis affects both
the physical and mental health of women (2, 3). Pathologically,
vaginal microbiota plays a key role in maintaining the vaginal mi-
croenvironment and health (4). In particular, Lactobacillus is the
dominant beneficial bacterium (5). It maintains the balance of
vaginal microbiota, which protects the vagina from foreign micro-
organisms by producing lactic acid and antibacterial substances,
forming a biological barrier, and protecting vaginal epithelial cells
(6, 7).

Recently, the probiotic therapy has attracted great research inter-
est partially because the currentCandida vaginitis therapy is not sat-
isfactory (8, 9). There are four most widely deployed antifungal
drugs to treat Candida vaginitis, including Clotrimazole, Flucona-
zole, Miconazole, and Nystatin (10). However, some of them only
halt the growth of fungi but do not kill them (11). Moreover, their
long-term use can cause certain damage to the normal cells and
tissues of vagina, which will further aggravate local vaginal micro-
biota imbalance, acid-base balance disorder, superinfection, and re-
currence, thus greatly increasing the difficulty of clinical treatments

(12). Therefore, it is urgent to explore Candida vaginitis therapies
that can modulate the vaginal microenvironment.

Because of its dominance in healthy vaginal microbiota, Lacto-
bacillus has been explored to develop probiotic Candida vaginitis
therapies (9, 13). While Lactobacillus preparations have great poten-
tial in treating and preventing bacterial vaginitis, the therapeutic
effect on Candida vaginitis is not satisfactory (8, 14, 15). A possible
explanation is that C. albicans is a eukaryotic cell with mycelium
and spores, which are more tolerant; while Lactobacillus generates
some antibacterial substances, such as H2O2, lactic acid, and bacter-
iocin, which are too mild to kill C. albicans (16, 17). We reason that
converting mild H2O2 to more toxic hydroxyl radical (•OH) would
be a promising therapeutic strategy.

•OH can be generated from H2O2 through metal ion–mediated
Fenton reactions (such as Fe2+) or enzyme-mediated catalysis (such
as myeloperoxidase–nicotinamide adenine dinucleotide) (18, 19).
Nevertheless, the metal ions for Fenton reactions can be detrimental
to normal cells and tissues (20). On the other hand, enzymes are
unstable and immunogenic, limiting their practical applications.
Encouragingly, nanozymes (the functional nanomaterials with
enzyme-like properties) have shown a promising capability to
produce reactive oxygen species (ROS), including •OH, for biomed-
ical applications (21–23). Recent studies have shown that some per-
oxidase (POD)–like nanozymes can produce •OH and exhibit high
antimicrobial activities (24). Here, by taking advantage of the com-
plementary merits of POD-like nanozymes and probiotic Lactoba-
cillus, we developed a responsive hyaluronic acid (HA) hydrogel-
rGO@FeS2 [reduced graphene oxide (rGO)]/Lactobacillus@HA
(designated as FeLab) to effectively treat Candida vaginitis and
reduce the recurrence. When applied into the vagina, the hyaluron-
idase (HAase) secreted by C. albicans and bacteria can degrade HA
(25), thereby locally releasing Lactobacillus and rGO@FeS2 nano-
zymes. On the one hand, Lactobacillus ferments and generates
lactic acid to normalize the vaginal microenvironment and reduce
vaginal pH to 4 to 4.5 (7). On the other hand, the rGO@FeS2 nano-
zymes can catalyze Lactobacillus-produced H2O2 to generate a large

1Department of Biomedical Engineering, College of Engineering and Applied Sci-
ences, Nanjing National Laboratory of Microstructures, Jiangsu Key Laboratory of
Artificial Functional Materials, Nanjing University, Nanjing, Jiangsu 210023, China.
2State Key Laboratory of Electroanalytical Chemistry, Changchun Institute of
Applied Chemistry, Chinese Academy of Sciences, Changchun, Jilin 130022,
China. 3University of Science and Technology of China, Hefei, Anhui 230026,
China. 4Department of Andrology, Nanjing Drum Tower Hospital, the Affiliated
Hospital of Nanjing University Medical School, Nanjing, Jiangsu 210008, China.
5Department of Clinical Laboratory, Nanjing Drum Tower Hospital, The Affiliated
Hospital of Nanjing University Medical School, Nanjing, Jiangsu 210008, China.
6State Key Laboratory of Analytical Chemistry for Life Science, School of Chemistry
and Chemical Engineering, Chemistry and Biomedicine Innovation Center
(ChemBIC), Nanjing University, Nanjing, Jiangsu 210023, China.
*Corresponding author. Email: weihui@nju.edu.cn

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Wei et al., Sci. Adv. 9, eadg0949 (2023) 17 May 2023 1 of 12

D
ow

nloaded from
 https://w

w
w

.science.org at N
anjing U

niversity on M
ay 22, 2023

http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adg0949&domain=pdf&date_stamp=2023-05-17


amount of •OH, killing C. albicans (Fig. 1). Notably, our system not
only inhibited the clinical isolates but also exhibited satisfactory
therapeutic efficacy for C. albicans–induced vaginitis in vivo. More-
over, compared with clinical drugs, our system is much friendlier to
the vagina and can reduce the recurrence. Therefore, we imple-
mented a promising strategy to treat and reduce the recurrence of
Candida vaginitis by simultaneously regulating the vaginal micro-
environment and catalyzing the killing of C. albicans.

RESULTS
Characterization of rGO@FeS2 nanozymes
Previous studies demonstrated that Fe-N-rGO with Fe2+ exhibited
excellent POD-like activity because it had an optimal adsorption
energy for OH (26, 27). Therefore, in this work, we chose marcasite
FeS2 nanoparticles with POD-like activity after our preliminary
screening study. Compared with several other iron-containing
nanozymes [i.e., Pt3Fe, Fe3O4, and pyrite FeS2 nanozymes (28–
30)] (figs. S1 and S2), the rGO@FeS2 nanozymes with H2O2 gener-
ated the most amount of •OH, which was captured by 5,5-dimethyl-
1-pyrroline N-oxide (DMPO) and analyzed by electron paramag-
netic resonance (EPR) (fig. S3). rGO was used to stabilize marcasite
FeS2 nanoparticles. Otherwise, marcasite FeS2 nanoparticles would
easily aggregate, preventing the biomedical applications (31, 32). As

shown via transmission electron microscopy (TEM) imaging, rGO
had a two-dimensional lamellar structure (Fig. 2A), and marcasite
FeS2 nanoparticles were evenly distributed on the surface of rGO
(Fig. 2B). In contrast, marcasite FeS2 nanoparticles alone aggregated
obviously (Fig. 2C). In addition, the high-angle annular dark-field
scanning TEM (HAADF-STEM) and corresponding elemental
mapping images (fig. S4) showed the even presence of C, N, Fe,
and S elements without obvious large aggregates of marcasite
FeS2 nanoparticles. These results showed the importance of rGO
as the supports to stabilize and improve the dispersity of marcasite
FeS2 nanoparticles. Furthermore, a lattice spacing of 0.24 nm cor-
responding to the (111) plane of marcasite FeS2 was identified by
high-resolution TEM imaging (fig. S5) (33). Meanwhile, the crystal-
line feature of rGO@FeS2 was studied. As shown in Fig. 2D, the
characteristic peaks in the x-ray diffraction (XRD) patterns were
indexed to rGO and the cubic phase of marcasite FeS2 (Joint Com-
mittee on Powder Diffraction Standards (JCPDS) card number 74-
1051) (30, 34). Then, we analyzed the surface chemical composi-
tions and electronic states by x-ray spectroscopy (XPS). The XPS
survey spectrum (Fig. 2E) showed typical peaks of C 1s, N 1s, O
1s, Fe 2p, and S 2p. The high-resolution C 1s XPS spectrum
showed the presence of C═C/C─C, C─O/C─N, and C═O at
284.6, 285.7, and 287.1 eV, respectively (fig. S6A). The N 1s XPS
spectrum could be deconvoluted into three peaks at 398.2, 400.1,

Fig. 1. Schematic illustrating Candida vaginitis microenvironment and FeLab-enabled microenvironmental regulation for Candida vaginitis therapy. Left:
Candida vaginitis microenvironment characterized with hyperproliferating C. albicans, elevated vaginal pH, imbalance of vaginal microbiota, and damaged vaginal
mucosal cells. Right: FeLab-enabled microenvironmental regulation for Candida vaginitis therapy. The HAase secreted by C. albicans and bacteria can degrade HA,
which releases Lactobacillus and rGO@FeS2 nanozymes. Subsequently, released Lactobacillus ferments and generates lactic acid to normalize the vaginal microenviron-
ment and reduce vaginal pH to 4 to 4.5. Simultaneously, the released rGO@FeS2 nanozymes can catalyze Lactobacillus-produced H2O2 to generate a large amount of

•OH,
killing C. albicans.
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and 402.8 eV (fig. S6B), which corresponded to pyridinic N, pyrro-
lic N, and oxidized N. For Fe 2p, the representative peaks of marca-
site FeS2 nanoparticles, originating from electron deficiency of Fe2+
created by the breaking of Fe─S bonds, were around 707.4 eV
(Fe 2p3/2) and 720.5 eV (Fe 2p1/2), respectively. Moreover, there were
several peaks at 710 to 715 eV and 724 to 728 eV, which could be
assigned to Fe3+ oxide states due to the precursor FeCl3 and slight
oxidation of marcasite FeS2 in air (Fig. 2f ). The S 2p peaks located at
162.8, 163.9, and 165.1 eV were attributed to S22−, S 2p3/2, and
S 2p1/2, respectively. In addition, another SOx

2−-related peak at 168.3
eV was correlated with the inevitable oxidation of marcasite FeS2
(Fig. 2G) (33, 35). These binding energies of both S 2p and Fe 2p
were consistent with those in marcasite FeS2. The above results
showed the successful synthesis of rGO@FeS2 nanozymes.

POD-like and anti–C. albicans activities of rGO@FeS2
nanozymes
We used the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) in
the presence of H2O2 to examine the POD-like activity of
rGO@FeS2 nanozymes. As shown in Fig. 3A, only the system con-
taining rGO@FeS2 nanozymes, H2O2, and TMB turned blue [the
color of oxidized TMB (oxTMB)]. The corresponding absorption
spectrum of the system exhibited a strong absorption peak at 652
nm, suggesting that rGO@FeS2 nanozymes had a strong POD-like

activity. Moreover, the POD-like activity of rGO@FeS2 nanozymes
was pH dependent. Figure 3B shows that rGO@FeS2 nanozymes ex-
hibited a stronger POD-like activity under acidic conditions and
had an optimal activity at pH 4 to 4.5. In addition, enzymatic kinet-
ics analysis of rGO@FeS2 nanozymes toward H2O2 and TMB sub-
strates was performed. For comparison, other iron-containing
nanozymes (i.e., Pt3Fe, Pyrite FeS2, and Fe3O4) were also investigat-
ed. Both the Michaelis-Menten constant (Km) and maximum initial
velocity (vmax) were obtained (figs. S7 and S8 and table S1). We
further analyzed the relationship between the kinetics parameters
and anti–C. albicans activity among these four nanozymes. As
shown in fig. S9, there was no direct correlation between the
anti–C. albicans activities and the kinetics parameters of these
four POD-like nanozymes.

Next, we used EPR spectroscopy to investigate the •OH generat-
ing activity of rGO@FeS2 nanozymes, which would be critical for
the anti–C. albicans therapy. As shown in Fig. 3C, rGO@FeS2 nano-
zymes can effectively catalyze a low concentration of H2O2 (80 μM)
to generate strong •OH. Then, we investigated the anti–C. albicans
activity of rGO@FeS2 nanozymes in the presence of H2O2 in
acetate–sodium acetate buffer solution (HAc-NaAc; pH 5.0) using
the colony-forming unit (CFU) method. Compared with other
groups, fungal colonies obviously decreased, indicating the lowest
survival rate of C. albicans in the group treated with both
rGO@FeS2 nanozymes and H2O2 (Fig. 3, D and E).

Under the same iron content, the intensity of •OH generation by
rGO@FeS2, Pt3Fe, Fe3O4, and pyrite FeS2 nanozymes with H2O2
showed a positive correlation with their anti–C. albicans activities
(fig. S10). It was mentioned that the rGO@FeS2 nanozymes with
H2O2 had the most notable anti–C. albicans activity (figs. S11 and
S12), which further highlighted the advantages of rGO@FeS2 nano-
zymes. Together, rGO@FeS2 nanozymes had excellent anti–C. albi-
cans activity based on the POD-like activity to generate toxic •OH
under acidic conditions, implying great potential for treating
Candida vaginitis.

rGO@FeS2 nanozymes with Lactobacillus enhanced anti–C.
albicans activities, including five samples of clinical isolates
in vitro
As demonstrated above, H2O2 is required and a low pH is preferred
for the POD-like activity of rGO@FeS2 nanozymes. Therefore, we
investigated whether the introduction of Lactobacillus would
produce enough H2O2 and lower the pH substantially for
rGO@FeS2 nanozymes to exert POD-like activity in treating C. al-
bicans vaginitis. First, we detected the amounts of H2O2 generated
during the Lactobacillus fermentation using a hydrogen peroxide
assay kit and drew a standard curve of H2O2 accordingly (fig.
S13A). As shown in Fig. 4A and fig. S13B, no matter how long it
was cultured, C. albicans alone did not generate H2O2. In contrast,
the Lactobacillus group generated H2O2 in a time-dependent
manner, and the highest amount of H2O2 was obtained at 36
hours (about 50 μM).Moreover, the cofermentation of Lactobacillus
withC. albicans (i.e., themixed-species group) also generatedH2O2.
At the optimal cofermentation time (i.e., 24 hours), about 30 μM
H2O2 was produced, which was lower than that of Lactobacillus
alone and attributed to nutrient competition between them (16).
Then, we examined whether Lactobacillus could lower the pH of
de Man, Rogosa, and Sharpe (MRS) medium. Figure S13C shows
that compared with C. albicans alone, the mixed-species group

Fig. 2. Characterization of rGO@FeS2 nanozymes. (A to C) TEM images of rGO
(A), rGO@FeS2 (B), and marcasite FeS2 (C), respectively. Scale bar, 200 nm. (D) XRD
patterns of rGO and rGO@FeS2. The lines at the bottom mark the reference pat-
terns of marcasite FeS2 (JCPDS card number 74-1051) and pyrite FeS2 (JCPDS
card number 42-1340). a.u., arbitrary units. (E) XPS spectrum of rGO@FeS2. (F
and G) XPS spectra for Fe 2p (F) and S 2p (G) regions of rGO@FeS2.
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lowered the pH of MRS medium from 5.7 to 4.5 after 24 hours of
cofermentation and maintained the pH thereafter. Further studies
showed that rGO and rGO@FeS2 with Lactobacillus also lowered the
pH of MRS medium (fig. S14). These results indicated that Lacto-
bacillus can produce H2O2 and lower the pH of MRS medium, the
two key requirements to achieve effective probiotic therapy of
Candida vaginitis. Note that the cofermentation time of 24 hours
was optimal and used in the following studies.

Because the cofermentation of Lactobacillus with C. albicans can
generate about 30 μM H2O2 (Fig. 4A), we also investigated the
anti–C. albicans activity of rGO@FeS2 in the presence of H2O2
(30 μM). As shown in fig. S15, compared with other groups,
fungal liabilities, and colonies decreased in the rGO@FeS2 +
H2O2–treated group, indicating that rGO@FeS2 nanozymes with a
lower concentration of H2O2 were still effective for anti–C. albicans
activity. Then, we studied the anti–C. albicans activity of rGO@FeS2
and Lactobacillus. The colony morphology of C. albicans and

Lactobacillus is different. The former grows into large and milky
colonies, and the latter forms small and transparent colonies (fig.
S16). These morphological characteristics enable us to distinguish
them easily, facilitating the study of anti–C. albicans activity. As
shown in figs. S16 and S17A, the treatment with Lactobacillus
alone showed a negligible anti–C. albicans effect, whereas the treat-
ment with rGO@FeS2 nanozymes and Lactobacillus resulted in a
70% reduction in the viability of C. albicans. In addition, rGO,
rGO@FeS2, and rGO with Lactobacillus had minimal effects on
the viability of C. albicans. Moreover, the treatments with rGO/Lac-
tobacillus or rGO@FeS2/Lactobacillus hardly affected the viability of
Lactobacillus (fig. S17B), which may be attributed to certain oxida-
tive stress tolerance of Lactobacillus given its H2O2 producing prop-
erty or proliferation and fermentation abilities under
microaerophilic conditions (7).

To assess the anti–C. albicansmechanism of rGO@FeS2 and Lac-
tobacillus, we investigated the oxidative state and structural integrity

Fig. 3. POD-like and anti–C. albicans activities of rGO@FeS2 nanozymes. (A) Ultraviolet-visible absorption spectra and corresponding color changes of TMB in
different reaction systems: 1, TMB + H2O2; 2, TMB + rGO; 3, TMB + rGO@FeS2; 4, TMB + rGO + H2O2; 5, TMB + rGO@FeS2 + H2O2 in a pH 4.5 HAc-NaAc buffer after 15
min of incubation. (B) pH-dependent POD-like activities of rGO@FeS2. The pH values of insets 1 to 6 are 4.0, 4.5, 5.0, 5.5, 6.0, and 6.5. (C) EPR monitoring the generation of
•OH by rGO@FeS2 in the presence of H2O2 in a pH 4.5 HAc-NaAc buffer after 5 min of incubation. (D) Antifungal effects of rGO@FeS2 and H2O2 on C. albicans. (E) Digital
images of C. albicans colonies after different treatments. I to VI correspond to the x coordinate of (D), respectively. An 80 μMamount of H2O2, rGO, and rGO@FeS2 at 25 μg/
ml was used for anti–C. albicans at 37°C for 120 min. Data are presented as means ± SD (n = 3). **P < 0.01 and ****P < 0.0001.
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of both C. albicans and Lactobacillus. The intracellular ROS was de-
tected by using 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-
DA) as a fluorescence probe. DCFH-DA can be converted to 2′,7′-
dichlorofluorescein (DCF) after reacting with ROS. The observation
of laser scanning confocal microscopy clearly confirmed that
rGO@FeS2 nanozymes and Lactobacillus treatment exhibited the
strongest ability to generate intracellular ROS of C. albicans com-
pared with other treatments (Fig. 4B and fig. S18A). Moreover,
the disruption of C. albicans was further demonstrated using

green fluorescent plasma membrane and vesiculation dye (Film-
Tracer FM 1-43) and red fluorescent propidium iodide (PI)
nucleic acid dye. FilmTracer FM 1-43 is membrane-permeant,
whereas PI only penetrates damaged cell membranes. As shown
in Fig. 4C and fig. S18B, the confocal fluorescence images showed
the most serious damage to C. albicans cell membrane in the group
treated with rGO@FeS2 nanozymes and Lactobacillus. In addition,
compared with other treatments, characterization of C. albicans and
Lactobacillus surfaces by scanning electron microscope (SEM)

Fig. 4. rGO@FeS2 nanozymes with Lactobacillus enhanced anti–C. albicans activities, including five samples of clinical isolates in vitro. (A) Amount of H2O2 in C.
albicans, Lactobacillus, andmixed-species (C. albicans and Lactobacillus) groups. (B toD) ROS level (DCF) (B), cell viability staining (FM and PI) (C), and SEM images (D) of C.
albicans treated with rGO@FeS2 nanozymes and Lactobacillus. Red arrows show the damaged cells. Scale bars, 20 μm (C) and 10 μm (D). (E) Schematic diagram of
rGO@FeS2 catalyzing the generation of

•OH from H2O2 and lactic acid produced by Lactobacillus to kill C. albicans. (F to J) Five different samples of C. albicans isolated
from clinics treated with the indicated treatments. The mediumwas MRSmedium, and the culture conditions were microaerophilic. The concentration of rGO, rGO@FeS2,
and Clotrimazole was 25 μg/ml. The coincubation time was 24 hours. Data are presented as means ± SD (n = 3). **P < 0.01 and ****P < 0.0001.
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imaging showed that the structural integrity of treated C. albicans
was the most severely affected after the treatment with rGO@FeS2
nanozymes and Lactobacillus (Fig. 4D and fig. S18C). The oxidative
state and structural integrity induced by the treatment of rGO@FeS2
nanozymes and Lactobacillus were observed only on C. albicans but
not on Lactobacillus (Fig. 4, B to D). Collectively, these results dem-
onstrated that rGO@FeS2 nanozymes can use H2O2 and lactic acid
produced by Lactobacillus to exert POD-like activity and further
generate ROS, thereby causing the death of C. albicans without af-
fecting the activity of Lactobacillus. The corresponding schematic
illustration of the self-cascade reaction between rGO@FeS2 nano-
zymes and Lactobacillus is depicted in Fig. 4E. In general, the com-
bination of rGO@FeS2 nanozymes and Lactobacillus had great
potential for treating vaginitis caused by C. albicans.

On the basis of the results above, to further demonstrate the
translational potential of the self-cascade action between
rGO@FeS2 nanozymes and Lactobacillus in the treatment of
Candida vaginitis, we explored the effects on clinically isolated C.
albicans, which were named samples 1, 2, 3, 4, and 5, respectively.
Similar to the findings in figs. S14, S16, and S17, compared with
Lactobacillus treatment, the cell viability and colonies of clinically
isolated C. albicans treated with rGO@FeS2 nanozymes and Lacto-
bacillus were significantly decreased (Fig. 4, F to J and fig. S19).
Likewise, the pH of MRS medium could be lowered to around
4.5, and the activities of Lactobacillus were hardly affected after
the treatment of rGO@FeS2 nanozymes and Lactobacillus (figs.
S20 and S21). Meanwhile, we chose Clotrimazole suppository,
one of the most commonly used medications in clinics (10), for a
comparative study of the anti–C. albicans activity toward clinical
isolates. As shown in Fig. 4 (F to J), although Clotrimazole had a
strong anti–C. albicans activity toward clinical isolates, it had
severe cytotoxicity at very low concentrations (fig. S22); on the
other hand, it could not adjust the pH of MRS medium (fig. S20).
Therefore, if Clotrimazole was used to treat C. albicans–infected
vaginitis, then it would not only affect the repair of vaginal
mucosa but also increase the risk of Candida vaginitis recurrence
due to failure to regulate the vaginal microenvironment.

Effects of rGO@FeS2 nanozyme oxidation on their activities
It is critical to maintain the anti–C. albicans and POD-like activities
of rGO@FeS2 for Candida vaginitis therapy. We investigated the
sensitivity of rGO@FeS2 to oxygen by storing the material in
vacuum and air for 12 days via XRD and XPS analysis. As shown
in fig. S23, rGO@FeS2 nanozymes were oxidized when exposed to
air, whereas their oxidation was obviously reduced in vacuum. We
further monitored the anti–C. albicans activity of rGO@FeS2 after
potential oxidation. It was shown that the anti–C. albicans activity
of rGO@FeS2 exposed to air gradually decreased (fig. S24, A to C)
and disappeared after 12 days (fig. S24D) in the presence of H2O2.
In contrast, rGO@FeS2 with H2O2 retained the anti–C. albicans ac-
tivity after 30 days of storage in vacuum (fig. S24E). Accordingly, the
•OH generating activity of oxidized rGO@FeS2 and H2O2 was
notably reduced (fig. S24F). Notably, although rGO@FeS2 nano-
zymes were sensitive to oxygen and the potential oxidation can
affect their anti–C. albicans and POD-like activities, the proper
storage would retain the activities. In practice, medications can be
vacuum packed to prolong the storage time. In our study, we devel-
oped a hydrogel formulation of rGO@FeS2 and Lactobacillus, which
will be easily vacuum-packed.We therefore reason that the activities

of rGO@FeS2 would be effectively retained for practical use, for
example, using vacuum packaging.

Effects of FeLab on C. albicans and Lactobacillus and the
release profile of Lactobacillus with HAase in vitro
Since HAase secreted by Candida and bacteria can degrade HA, we
used HA hydrogel to encapsulate rGO@FeS2 nanozymes and Lac-
tobacillus to form a FeLab preparation (25, 36). It was beneficial to
inject the hydrogel delivery system into the vagina and reduce
leakage. Moreover, through the controllably triggered response to
the C. albicans–infected microenvironment, the hydrogel prepara-
tion could achieve an enhanced ROS concentration in situ andmin-
imize damage to vaginal mucosal cells (37). While having the above
advantages, it was critical that the encapsulation within HA hydro-
gels neither affected the viability of Lactobacillus nor hindered
anti–C. albicans effects exerted by the self-cascading reaction
between rGO@FeS2 nanozymes and Lactobacillus. As shown in
fig. S25A, the viability of Lactobacillus (105 CFU/ml) encapsulated
in HA hydrogels was not affected. Therefore, Lactobacillus (105
CFU/ml) was encapsulated into HA hydrogels for further anti–C.
albicans activities. Compared with the treatment of other HA hy-
drogels [i.e., Lactobacillus@HA (Lab), rGO@HA, rGO@FeS2@HA,
and rGO/Lactobacillus@HA (rGOLab)], the pH of MRS medium
could be lowered to around 4.5 after treatment with FeLab (fig.
S25B). Moreover, the cell viability of C. albicans treated with
FeLab was significantly decreased, confirming the retained antifun-
gal activity of rGO@FeS2/Lactobacillus after HA coating (fig. S25, C
and D). Then, the HAase-simulated release profile of Lactobacillus
was investigated. As shown in fig. S26, stimulated by the HAase sol-
ution, Lactobacillus showed a sustained release and achieved a
nearly 100% release in 24 hours. In contrast, HA hydrogels
without HAase solution did not cause substantial leakage of
cargoes, indicating that the HA hydrogel with HAase secreted by
Candida and bacteria can controllably release contents for anti–C.
albicans activities.

Antifungal effects of FeLab on C. albicans–induced vaginitis
in vivo
To further assess its potential as a topical antifungal medication, we
evaluated the antifungal effects of FeLab on C. albicans–induced
vaginitis in vivo. Clotrimazole group (as a representative small mol-
ecule drug) was included for comparison. First, female BALB/c
mice were injected with estradiol benzoate solutions every 2 days.
Then, C. albicans solutions were injected into the vagina to establish
a vaginitis model of C. albicans infection. After successful establish-
ment of themodel, treatments were performed intravaginally once a
day for 5 days. Last, vaginal washes were obtained for colony count-
ing and microbiota composition analysis. Subsequently, mice were
euthanized to obtain vaginal tissues for histochemistry (Fig. 5A). As
shown in Fig. 5 (B and C) and fig. S27, compared with Lab treat-
ment, the cell viability and colony formation of C. albicans with
both FeLab and Clotrimazole treatments were significantly de-
creased in vaginal washes. Histochemistry analysis showed that
main organs, including the heart, liver, spleen, lung, and kidney,
were not affected after 5 days of continuous vaginal administration
in all treatment groups (fig. S28). However, through histological
staining of vaginal tissues, vaginal keratinization and mucosal and
submucosal inflammatory cell infiltration in the FeLab treatment
group were notably lower than those in the group treated with
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Clotrimazole (Fig. 5D and fig. S29). This indicated that Clotrima-
zole caused serious damage to vaginal mucosa cells (consistent with
the results of fig. S22), while FeLab was conducive to promoting the
repair of vaginal mucosa. Together, the above results indicated that
the responsive release of FeLab was triggered at the vaginal site in-
fected with C. albicans. After release, Lactobacillus could regulate
the microenvironment of the vagina by reducing the pH to about
4.5 and producing H2O2, which was conducive to the catalysis of
rGO@FeS2 nanozymes to generate a large amount of •OH to kill
C. albicans in situ, thereby minimizing the damage to vaginal
mucosal cells (Fig. 5E) (7, 38). In contrast, although Clotrimazole
had anti–C. albicans activity by affecting the permeability of the
cell membrane, it caused severe damage to vaginal mucosal cells
due to poor selectivity. On the other hand, Clotrimazole could
not regulate the pH of the vagina (over 5.0; fig. S20), which is the
optimal condition for C. albicans to grow and may lead to a greater
risk of Candida vaginitis recurrence than FeLab (Fig. 5F).

To test our hypothesis, we next investigated the effects of FeLab
and Clotrimazole onCandida vaginitis recurrence inmice. Candida
vaginitis mice in Fig. 5Awere treated with FeLab and Clotrimazole,

respectively. Then, C. albicans solutions were reinjected into the
vagina to establish a recurrence model. After 24 hours, vaginal
washes and vaginal tissues were collected to assess recurrence
effects. As shown in fig. S30, the cell viability and colonies of C. al-
bicans treated with FeLab were lower than those treated with Clo-
trimazole in vaginal washes. Moreover, the hematoxylin and eosin
(H&E) analysis of vaginal tissues revealed that the former had less
infiltration of vaginal mucositis cells. These results suggested that
although Clotrimazole had strong anti–C. albicans activity, FeLab
could more notably reduce the risk of Candida vaginitis recurrence
(3).

Vaginal microbiome amelioration in mice with C. albicans–
induced vaginitis after FeLab treatment versus
Clotrimazole
Evidence suggests that patients with Candida vaginitis are associat-
ed with dysbiosis characterized by decreased biodiversity, a lower
proportion of the Firmicutes ratio, and an increase in Proteobacteria
(39, 40). Thus, we investigated whether FeLab therapy could better
modulate the composition of the vaginal microbiota than Clotrima-
zole treatment in mice through the second ribosomal internal tran-
scribed spacer amplicon sequencing and the Sobs and Shannon
entropy index of α-diversity by 16S ribosomal RNA gene sequenc-
ing. Analysis of vaginal wash samples revealed that compared with
Clotrimazole, FeLab treatment markedly improved fungal and bac-
terial diversities in mice with Candida vaginitis, as indicated by the
increase in the number of unique operational taxonomic units
(Fig. 6, A and B, and fig. S31). Further analysis at the phylum
level revealed that FeLab treatment markedly reduced the relative
abundance of Proteobacteria and increased the relative abundance
of Firmicutes, reshaping a healthier vaginal microbiome (Fig. 6, C to
E). At the genus level, the relative abundance of Lactobacillus, which
can promote the maintenance of vaginal homeostasis and prevent
the colonization and growth of adverse microorganisms, signifi-
cantly increased (Fig. 6F and fig. S32), while Proteus significantly
decreased (Fig. 6G) after treatment with FeLab (41–43). Together,
compared with Clotrimazole, FeLab could increase the richness and
diversity of the vaginal microbiome, especially Lactobacillus, to ef-
ficiently treat Candida vaginitis and reduce the recurrence, demon-
strating the promise to treat and prevent vaginal dysbiosis. We are
also aware that the vaginal microenvironment and microbiota of
rodent models are different from those of humans in Candida vag-
initis (44, 45). Therefore, a detailed relationship between rodent
models and human disease still needs further exploration.

DISCUSSION
In summary, a responsive hydrogel FeLab with POD-like and
vaginal microenvironment regulating activities was developed to
kill C. albicans and modulate vaginal microbiota balance for
Candida vaginitis treatment and reduce the recurrence. The de-
signed rGO@FeS2 structure ensured uniform dispersion of marca-
site FeS2 nanoparticles on the rGO supports, and the encapsulated
Lactobacillus could produce H2O2 and lower the pH, facilitating the
enhancement of POD-like activity to kill C. albicans in a C. albi-
cans–induced vaginitis model. The self-cascade catalysis hardly af-
fected Lactobacillus, thus effectively improving vaginal microbiota
and reshaping a healthier vaginal microenvironment. This work not
only demonstrates the advantages of nanozyme-probiotic

Fig. 5. Antifungal effects of FeLab on C. albicans–induced vaginitis in vivo. (A)
Experimental scheme of C. albicans–infected vaginitis mice. (B) Cell viabilities of C.
albicans in vaginal washes after indicated treatments. (C andD) Digital images of C.
albicans colonies in the vaginal washes (C) and H&E-staining images of the vaginal
tissue (D) in different groups. I, health; II, control; III, FeLab; IV, Clotrimazole. Scale
bar, 100 μm. (E and F) Schematic diagram comparing FeLab (E) with Clotrimazole
(F) for the treatment of Candida vaginitis in mice. Data are presented as means ±
SD (n = 5). *P < 0.05.
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combinations over small molecular antifungal drugs for Candida
vaginitis treatment and reducing recurrence but also shows the
translational promise of nanozymes.

MATERIALS AND METHODS
Materials
Iron chloride hexahydrate (FeCl3·6H2O), ferrous sulfate (FeSO4),
ferric chloride (FeCl3), thiourea [(NH2)2CS], sodium hydroxide
(NaOH), hydrochloric acid (HCl), hydrogen peroxide (H2O2;
30%), benzoic acid, NaAc, ethylene glycol (EG), trichloromethane
(CHCl3), and ammonia water (NH3·H2O; 25 to 28%) were pur-
chased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). Polyvinylpyrrolidone (PVP; 8000) and TMB were pur-
chased from Aladdin Chemical Co. Ltd. (Shanghai, China). Iron
acetylacetonate [Fe(acac)3] and platinum acetylacetonate
[Pt(acac)2] were purchased from J&K Scientific Co. Ltd. (Beijing,
China). Sodium hyaluronic acid (weight-average molecular weight
= 0.3 MDa), HAase, L-cysteine methyl ester hydrochloride, 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC),
and N-hydroxysuccinimide (NHS) were purchased from Yuanye
Bio-Technology Co. Ltd. (Shanghai, China). DMPO was purchased
from JK Chemical and Dojindo (Japan). Dimethyl sulfoxide
(DMSO), DCFH-DA, PI, methylthiazolyldiphenyl-tetrazolium
bromide (MTT), and Dulbecco’s modified Eagle medium
(DMEM) were purchased from Beyotime Chemical Reagent Co.
Ltd. (Shanghai, China). FilmTracer FM 1-43 was purchased from
Thermo Fisher Scientific (USA). MRS medium was obtained
from Haibo Biotechnology Co. Ltd. (Shandong, China). Estradiol
benzoate injection was purchased from Quanyu Bio-Technology

Animal Pharmaceutical Co. Ltd. (Shanghai, China). Clotrimazole
suppository was purchased from Baiyunshan Pharmaceutical Hold-
ings Co. Ltd. (Guangdong, China). GO was purchased from Jiangsu
Xianfeng Nanomaterials Technology Co. Ltd. (Jiangsu, China). All
aqueous solutions were prepared with deionized water (18.2 me-
gohm·cm; Millipore).

Instrumentation
TEM imaging was performed on a JEM-2100 (JEOL, Japan) trans-
mission electron microscope at an acceleration voltage of 200 kV.
Powder XRD patterns were measured at 5°/min using a diffractom-
eter (Rigaku Ultima III, Japan and Bruker D8 advance, Germany)
with a Cu Kα radiation. XPS spectra were collected by using a PHI
5000 Versa Probe XPS microscope (Ulvac-Phi, Japan). Ultraviolet-
visible absorption spectra were measured on a SpectraMax M2e mi-
croplate reader (Molecular Devices, USA). HAADF-STEM and the
corresponding energy-dispersive spectroscopy elemental mappings
were performed on a Tecnai G2 F30 (FEI, USA). EPR spectra were
recorded on a Bruker A300 spectrometer (X-band). The pH value of
MRS medium was measured using a pH meter (STARTER 3100,
USA). Cell images of C. albicans and Lactobacillus were recorded
on a laser scanning confocal microscope (Olympus, Japan).
Tissue images of H&E staining were photographed by a DMi8 fluo-
rescence microscope (Leica, Germany).

Synthesis of rGO@FeS2, Pt3Fe, Fe3O4, and pyrite FeS2
nanozymes
rGO@FeS2 nanozymes were synthesized as follows (34). Five milli-
liters of FeCl3 (0.135 g/ml), 5 ml of (NH2)2CS (0.038 g/ml), and 30
μl of NH3·H2O were added to 7.5 ml of GO aqueous solution (5.6

Fig. 6. Vaginal microbiome amelioration in micewith C. albicans–induced vaginitis after FeLab treatment versus Clotrimazole. (A and B) α-Diversity Sobs (A) and
Shannon (B) indexes of the vaginal microbiome. (C) Heatmap of the relative abundance of phylum-level taxa for each mouse (columns). (D and E) Relative abundance of
Proteobacteria (D) and Firmicutes (E) taxa, respectively. (F and G) Relative abundance of genus-level taxa for Lactobacillus (F) and Proteus (G), respectively. Data are pre-
sented as means ± SD (n = 4). *P < 0.05 and **P < 0.01.
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mg/ml) under mild ultrasonication. Subsequently, the mixture sol-
ution was heated at 180°C for 12 hours to formmarcasite FeS2 nano-
particle–decorated rGO (rGO@FeS2). After rGO@FeS2 nanozymes
were dialyzed with ultrapure water for 3 days, they were subjected to
lyophilization for use. For comparison, rGO supports and pristine
marcasite FeS2 nanoparticles were also prepared via similar
methods without the addition of FeCl3 and (NH2)2CS or GO
aqueous solutions, respectively.

Pt3Fe nanozymes were synthesized as follows (28). Pt(acac)2
(20.21 mg), Fe(acac)3 (21.4 mg), benzoic acid (50 mg), and PVP
(80mg) were dispersed in benzyl alcohol (5 ml) under vigorous stir-
ring for 15 min. Subsequently, the resultant mixture was transferred
into a reactor at 180°C for 12 hours. Pt3Fe nanozymes were precip-
itated by acetone, washed six times with an ethanol-acetone
mixture, and dispersed into water for use.

Fe3O4 nanozymes were synthesized as follows (29). A mixture of
FeCl3 and FeSO4 (molar ratio, 2:1) solutions was prepared under N2
protection. Then, enough NH3·H2O was dropped into it under vig-
orous stirring. After 30 min, the resulting Fe3O4 nanozymes were
washed five times immediately with distilled water by magnetic
separation.

Pyrite FeS2 nanozymes were synthesized as follows (30). Since
the as-synthesized marcasite FeS2 nanoparticles were too compact-
ed to disperse (Fig. 2C), we synthesized pyrite FeS2 nanozymes for
comparison. In a typical synthesis, PVP (0.7 g), FeCl3·6H2O (0.5 g),
and NaAc (3.6 g) were dispersed into 30 ml of EG solution under
vigorous stirring. Next, S powder (0.4 g) was added, and the resul-
tant mixture was ultrasonicated for 1 hour to form a homogeneous
dispersion. The mixture was transferred into a reactor at 200°C for
12 hours. Pyrite FeS2 nanozymes were isolated with the addition of
excess CHCl3, alcohol, and ultrapure water by centrifugation.

Synthesis of HA hydrogel
The HA hydrogel was prepared following a previously reported
method (37). In detail, HA (0.4 g), NHS (0.575 g, 5 mM), and
EDC (0.958 g, 5 mM) were dissolved thoroughly in deionized
water (100 ml) for 1 hour at room temperature to fully activate
the carboxylic groups of HA. Then, L-cysteine methyl ester hydro-
chloride (0.855 g, 5 mM) was added to the mixture under continu-
ous stirring for 24 hours with light protection. The pH value of the
above solution was adjusted to 4.8 by adding 1.0 M NaOH or 1.0 M
HCl. The resulting solution was dialyzed (molecular weight cutoff,
1000) against dilute HCl solution (pH 3.5) to remove unnecessary
agents, followed by lyophilization to obtain the target conjugates as
fluffy solids (HA-SH). Then, HA-SH conjugates (16 mg), Lactoba-
cillus (105 CFU/ml), and rGO@FeS2 nanozymes (25 μg/ml) were
dissolved in phosphate-buffered saline (PBS) (400 μl; pH 8), and
the mixture was vortexed for 10 s to yield a homogeneous stock sol-
ution. After that, the precursor solution was incubated at 37°C
without shaking for complete FeLab formation. Similarly, a series
of hydrogels with/without Lactobacillus or rGO@FeS2 nanozymes
were prepared.

POD-like activity and kinetic assay
The POD-like activity of rGO@FeS2 nanozymes was determined
using TMB as the substrate in the presence of H2O2. In a typical
experiment, rGO@FeS2 nanozymes (25 μg/ml), TMB (0.2 mM),
and H2O2 (0.08 mM) were added to 200 μl of HAc-NaAc buffer
(0.1 M; pH 4.5). Then, the absorbance at 652 nm for oxTMB was

recorded at a certain reaction time to evaluate the POD-like activity.
The pH-dependent POD-like activity of rGO@FeS2 nanozymes was
studied under different pH values, including 4.0, 4.5, 5.0, 5.5, 6.0,
and 6.5, in HAc-NaAc buffer.

Steady-state kinetics assays were conducted at 25°C in 200 μl of
HAc-NaAc buffer with rGO@FeS2 nanozymes (25 μg/ml) as a cat-
alyst in the presence of H2O2 and TMB. On the one hand, TMB (0.2
mM) and different concentrations of H2O2 (0, 0.025, 0.05, 0.1, 0.2,
0.4, and 0.8 mM) were added to the reaction system with H2O2 as
the substrate. On the other hand, H2O2 (0.08 mM) and different
concentrations of TMB (0, 0.1, 0.2, 0.3, 0.35, 0.4, and 0.45 mM)
were added to the reaction system with TMB as the substrate. The
Michaelis-Menten constants were calculated according to the Mi-
chaelis-Menten saturation curve by GraphPad Prism 7.0 (GraphPad
Software).

Lactobacillus and C. albicans culture
Lactobacillus capsules (S20030005) for treating bacterial vaginitis
were obtained from Inner Mongolia Shuangqi Pharmaceutical Co.
Ltd. The capsules were dissolved inMRSmedium and inoculated on
MRS medium agar plates for 12 hours (microaerophilic conditions
at 37°C) via an inoculation loop to obtain a single colony. The single
colony was placed in freshMRSmedium and cultured overnight for
further experiments. C. albicans, including five samples of clinical
isolates, was cultured in a similar method except under microaero-
philic conditions.

Anti–C. albicans activities of four nanozymes
C. albicans cultures were washed three times with sterile PBS and
divided into twelve groups: (i) control (C. albicans), (ii) C. albicans
+ H2O2, (iii) C. albicans + rGO, (iv) C. albicans + rGO@FeS2, (v) C.
albicans + Pt3Fe, (vi) C. albicans + Fe3O4, (vii) C. albicans + pyrite,
(viii) C. albicans + rGO + H2O2, (ix) C. albicans + rGO@FeS2 +
H2O2, (x) C. albicans + Pt3Fe + H2O2, (xi) C. albicans + Fe3O4 +
H2O2, and (xii) C. albicans + pyrite + H2O2. The concentrations
of C. albicans, H2O2, and nanozymes were 106 CFU/ml, 80 μM,
and 25 μg/ml in HAc-NaAc buffer (0.1 M; pH 5.0), respectively.
These mixed suspensions were then incubated for 2 hours at
37°C, and 100 μl from them was spread evenly on MRS medium
agar plates. After incubation for 48 hours at 37°C, the photos
were taken, and quantitative analysis of anti–C. albicans activities
was performed by ImageJ.

Electron spin resonance analysis of •OH formation
Glass capillary tubes containing four nanozymes (25 μg/ml), H2O2
(80 μM), DMPO (10 mM), and HAc-NaAc buffer (0.1 M; pH 4.5)
were inserted into the EPR cavity to record •OH signals after 5 min
of reaction.

Enhanced anti–C. albicans activities with Lactobacillus,
including five samples of clinical isolates in vitro
Five samples of clinically isolated C. albicans were obtained from
the Department of Clinical Laboratory of Nanjing Drum Tower
Hospital, Medical School of Nanjing University of consent and pro-
cessed with approval from the Review Board (2022-543-01). C. al-
bicans and Lactobacillus cultured were washed three times with
sterile PBS and divided into seven groups in a 24-well plate: (i)
control (C. albicans), (ii) C. albicans + Lactobacillus, (iii) C. albicans
+ rGO, (iv) C. albicans + rGO@FeS2, (v) C. albicans + rGO +
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Lactobacillus, (vi) C. albicans + rGO@FeS2 + Lactobacillus, and (vii)
C. albicans + Clotrimazole. The final concentrations of C. albicans,
Lactobacillus, rGO@FeS2, and Clotrimazole were 106 CFU/ml, 102
CFU/ml, 25 μg/ml, and 25 μg/ml (except excipient), respectively, in
2 ml of MRS medium. These mixed suspensions were then incubat-
ed for 24 hours at 37°C under microaerophilic conditions, and 100
μl of themwas spread onMRSmedium agar plates. After incubation
for 48 hours under the same culture conditions, the photos were
taken, and the quantitative analysis of anti–C. albicans activities
was performed by ImageJ. C. albicans formed large and milky col-
onies, whereas Lactobacillus was small and transparent. In addition,
the pH values of the mixed MRS medium were measured with a
pH meter.

Determination of intracellular ROS
As an oxidant-sensitive dye, DCFH-DAwas used to measure intra-
cellular ROS levels. C. albicans, Lactobacillus, or a mixture of both
were stained with 10 μM DCFH-DA for 30 min in the dark at room
temperature and washed twice with sterile PBS, followed by (i) to
(vi) treatments. The intracellular ROS levels were measured using
a confocal laser microscope with excitation and emission wave-
lengths at 488 and 525 nm, respectively.

Morphological observation of C. albicans and Lactobacillus
Nest circle microscope cover glass was used at the bottom of a 24-
well plate. The C. albicans and Lactobacillus treated by (i) to (vii) for
24 hours were fixed with 2.5% glutaraldehyde overnight at 4°C in
the dark. The fungal and bacterial cells were then dehydrated
with 30, 50, 70, 80, 90, and 100% of ethanol, respectively, for 10
min. Last, the dried cells were sputter-coated with iridium (6 nm)
for SEM observation.

Live/dead cell staining of C. albicans and Lactobacillus
The C. albicans and Lactobacillus treated by (i) to (vi) were stained
with FilmTracer FM 1-43 and PI for 30 min and washed three times
with sterile 0.9% NaCl solution for visualization via a confocal fluo-
rescence microscope.

In vitro cytotoxicity experiments
The cell viabilities of mouse embryonic fibroblast cells (NIH/3T3)
and a human normal hepatocyte line (L02) to rGO, rGO@FeS2, and
Clotrimazole were determined by anMTT assay. First, the cells were
incubated with DMEM in a 96-well plate (about 5000 cells per well,
five wells per concentration) in a humidified incubator (37°C, 5%
CO2) for 24 hours. Then, the cells were treated with different con-
centrations of rGO, rGO@FeS2, and Clotrimazole solutions (10, 25,
50, 80, and 100 μg/ml) for 12 hours. Subsequently, MTT (0.5 mg/
ml) was added to the cells and incubated for 4 hours. Last, the
medium was removed, and 100 μl of DMSO was added. The absor-
bance was determined at 490 nm, and the cell viabilities were ex-
pressed as a percentage of the control.

Controlled-release experiment of Lactobacillus
The release behavior of Lactobacillus from HA hydrogels was mon-
itored as follows (37). A certain amount of Lactobacillus was encap-
sulated in a hydrogel of 109 CFU/ml. Specifically, the prepared Lab
(10 ml) was individually immersed into PBS buffer (50 ml; pH 5.0)
and HAase solution (150 U/mg) with constant shaking. At prede-
termined time intervals, 100 μl of the surrounding medium was

taken to measure the optical density at 600 nm by a microplate
reader. The release rate was calculated on the basis of the percentage
of released Lactobacillus within the whole encapsulated Lactobacil-
lus in the respective release medium.

C. albicans–infected vaginitis model and therapeutic
process in vivo
All animal experiments were approved by the Committee for Exper-
imental Animals Welfare and Ethics of Nanjing University (Institu-
tional Animal Care and Use Committee, 2202010). The anti–C.
albicans effects of FeLab were evaluated by using C. albicans–infect-
ed mice. After 7 days of adaptation to the environment, female
BALB/c mice (18 to 20 g) were randomly divided into eight
groups with six mice per group: (i) health, (ii) control, (iii) Lab,
(iv) rGO@HA, (v) rGO@FeS2@HA, (vi) rGOLab, (vii) FeLab, and
(viii) Clotrimazole. Mice except the healthy group were subcutane-
ously injected with 0.1 ml of estradiol benzoate injection (2 mg/ml)
once 2 days for 6 days. On the 7th day, 20 μl of C. albicans solution
(1 × 109 CFU/ml) was injected into the vagina with a pipette gun,
and the mice were fed normally for 1 day. Note that this day was
designated as day 0. C. albicans–induced mice were intravaginally
injected with various HA hydrogels (4%) and Clotrimazole for
five consecutive days (days 1, 2, 3, 4, and 5). Among them, the con-
centrations of encapsulated Lactobacillus, rGO@FeS2, and Clotri-
mazole were 105 CFU/ml, 0.4 mg/kg, and 0.4 mg/kg (except
excipient), respectively. On day 6, the vagina was washed repeatedly
with sterile PBS (20 μl) by pipetting five times to obtain vaginal
washes, which were used for quantitative analysis of C. albicans
cell viability on MRS medium agar plates and vaginal microbiome
analysis. Following anesthesia with diethyl ether, all groups of mice
were euthanized, and the vagina, heart, liver, spleen, lung, and
kidney were collected and fixed with paraformaldehyde (4%).
These tissues were dissected, analyzed by H&E staining, and
imaged by an optical microscope.

C. albicans–infected vaginitis recurrence model in vivo
On the basis of the above modeling methods, 12 C. albicans–infect-
ed mice were equally divided into two groups and then treated with
FeLab and Clotrimazole, respectively. Note that this day was desig-
nated as day 0. On day 1, 20 μl of C. albicans solution (1 × 109 CFU/
ml) was injected into the vagina with a pipette gun, and the mice
were fed normally for 1 day. Similarly, vaginal washes were obtained
for quantitative analysis of C. albicans cell viability, and vaginal
tissues were collected for further H&E analysis.

Statistical analysis
Data were shown as means ± SD. Statistical analysis was performed
using Student’s t test for two-group differences and one-way two-
sided analysis of variance (ANOVA) for multiple comparisons. *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001

Supplementary Materials
This PDF file includes:
Figs. S1 to S32
Table S1
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