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A B S T R A C T

Iodine is widely acknowledged for its potent antimicrobial properties. However, its clinical utility is often 
hampered by its unsatisfactory stability, uncontrolled release of active iodine and toxicity in moist environments. 
In this study, we report a novel iodine-containing hydrogel (I2@Nap-FFGP) designed for sustained iodine de
livery under humid physiological and pathological conditions. I2@Nap-FFGP was fabricated using a self- 
assembling peptide-based hydrogel containing a proline motif to form a stable iodine complex. The resulting 
hydrogel exhibited excellent biocompatibility and robust antibacterial effect, it significantly inhibited bacteria- 
associated endometrial infections in mice and effectively alleviated inflammation. Moreover, the hydrogel suc
cessfully restored endometrial architecture and function. Notably, I2@Nap-FFGP remarkably improved preg
nancy rates in mice with endometritis owing to its therapeutic effects. Our findings highlight the potential of this 
innovative hydrogel system for stable iodine application under humid and aqueous physiological conditions, 
offering a promising platform for future antibacterial therapies in clinical settings.

1. Introduction

Iodine is an essential trace element vital for biological activities and 
organic structures in humans, with 70–80 % present in the thyroid [1]. It 
plays a crucial role in the synthesis of thyroid hormones, which are 
important for enhancing metabolism and promoting growth and 
development, particularly in the brain [2]. In addition to its biological 
functions, iodine is widely used for its antibacterial properties, as it 
exhibits unique physiochemical characteristics that allow for rapid 
penetration and destruction of cell walls, oxidation of proteins and en
zymes, and disturbance of DNA [3]. Among the various iodic agents, 
povidone–iodine (commercially known as Iodophor or PVP-I), a com
plex formed between polyvinylpyrrolidone (PVP) and iodine [4,5], is 
one of the most popular choices. Owing to its broad-spectrum antibac
terial activity, high efficiency, and low cost, PVP-I is extensively used in 

clinical and domestic applications for disinfecting hands, skin, medical 
apparatus, and instruments [6–8]. However, despite the evidence that 
PVP significantly enhances the stability and durability of iodine in 
antibacterial applications, the uncontrolled release of iodine can 
potentially be toxic, limiting the effectiveness of PVP-I as a disinfectant 
[9,10]. Most importantly, the poor stability and retention of PVP-I due 
to its high water solubility are particularly undesirable in the physio
logically widespread humid and aqueous environments of deep-seated 
tissues and foci, such as the uterus [11]. Therefore, there is an urgent 
need to develop effective methods for iodine loading and release to meet 
clinical demands.

Recent advancements in nanoscience and nanomedicine have pro
vided novel strategies for establishing efficient and biosafe antibacterial 
therapies [12,13]. For instance, poly(N-vinyl-2-pyrrolidone-co-methyl 
methacrylate), which contains a pyrrolidone motif, has been designed 
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to form PVP-I-like antibacterial iodine–polymer complex nanoparticles 
that exhibit excellent antibacterial stability while retaining water solu
bility [14]. Metal-organic framework (MOFs) have also been employed 
for iodine absorption, serving as both storage reservoirs and delivery 
platforms for biocidal iodine [15]. Iodine-loaded MOFs can be incor
porated into biodegradable polymers for applications such as 
door-handle covers, which can completely inhibit the transmission of 
Gram-positive and Gram-negative bacteria as well as fungi under real
istic touching conditions. Hydrogels have also been investigated for 
iodine loading and release; a cryogel mixture of bacterial cellulose, 
gelatin, and dopamine was shown to effectively produce I2 and sodium 
iodides in situ through the reduction of sodium [16]. Nevertheless, 
current iodic sterilizing agents remain primarily confined to topical 
applications such as for instrument sterilization and the treatment of 
skin or mucous membrane infections [17]. This limitation is largely 
owing to concerns regarding their stability and biocompatibility, which 
restrict their effectiveness in broader applications.

Recently, short peptide-based hydrogels have attracted considerable 
attention owing to their excellent biocompatibility, controllable chem
ical structures, unique constructive units, and ability to accommodate 
various functional modifications [18]. In particular, supramolecular 
self-assembly has emerged as an effective strategy for constructing 
reliable soft-peptide biomaterials [19–22]. The inherently water-rich 
environment of hydrogels may be crucial for application in physiologi
cally humid and aqueous pathological conditions [23]. Thus, we hy
pothesized that a well-defined self-assembling peptide hydrogel based 
on rational sequence design and construction could serve as a stable and 
effective iodic agent.

Inspired by the interaction between PVP and iodine, we proposed 
that proline (Pro), which has a similar pyrrolidone structure to PVP, 
could also form a complex with iodine. Accordingly, we designed a short 

peptide as a self-assembling agent and used a simple heating–cooling 
method to fabricate an iodine-complexed hydrogel for the treatment of 
endometrial infections (Scheme 1). The assembling factor contained two 
major components: (i) a pro motif for iodine complexation, and (ii) an 
assembly sequence based on naphthalene–diphenylalanine. The result
ing peptide hydrogel exhibited excellent antibacterial efficacy, reduced 
the inflammation in mouse endometria by inhibiting pathogenic bac
teria, and improved the pregnancy rate of mice with endometritis. 
Overall, this hydrogel provides a promising platform for the application 
of iodine under humid and aqueous physiological conditions.

2. Experimental section

2.1. Synthesis of peptide

Peptides were synthesized via solid phase peptide synthesis (SPPS) 
using 2-chlorotrityl chloride resin and corresponding Fmoc-protected 
amino acids. The synthetic route and molecular structure were shown 
below. High-performance liquid chromatography (HPLC, Agilent, US) 
was employed for purification using a reverse phase C18 column (Wa
ters, RP18 10.0 μm, 19 × 150 mm). The purified peptides were lyoph
ilized and characterized by LC-MS.

2.2. Cell culture

Endometrial stromal cells were obtained from Pricella (Wuhan, 
China) and cultured in DMEM/F12 (Gibco) with 10 % fetal bovine serum 
(Gibco), 100 U/mL penicillin (Gibco), and 100 μg/mL streptomycin 
(Gibco). The cells were incubated at 37 ◦C with 5 % CO2 for culture and 
passage unless otherwise stated.

Scheme 1. Schematic illustration of injectable I2@Nap-FFGP hydrogel for the treatment of endometrial infection.
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2.3. Bacterial culture

Methicillin-resistant Staphylococcus aureus (USA 300) was cultured in 
Luria-Bertani (LB) broth and agar. The strains were restored at − 80 ◦C 
before testing. The strains were melted to room temperature quickly and 
inoculated in culture medium at 1:100 vol ratio (10 ml) for a duration of 
16–20 h. The absorption at 600 nm (O.D. 600) was used to monitor the 
growth of bacteria. Subsequently, the cells were collected by centrifu
gation at a speed of 5000 rpm (25 ◦C) for 5 min. To prepare the liquid 
culture medium, powder of the culture mediums was dissolved into a 
solution and sterilized at 121 ◦C with a high pressure for about 1 h and 
then cooled down to room temperature.

2.4. Preparation and characterization of peptidic and iodine-containing 
hydrogel

Heating-cooling method was employed to prepare the hydrogel. 
Generally, Nap-FFGP was dissolved in PBS buffer (3 mg/mL) while the 
pH was adjusted to 7. Then the solution was heated to 80 ◦C for complete 
dissolution of Nap-FFGP and then cooled to room temperature for the 
formation of Nap-FFGP hydrogel.

For iodine-containing hydrogel, iodine was firstly dissolved in 
anhydrous ethanol to form a stock solution (100 mg/mL), which was 
subsequently added to the prepared Nap-FFGP solution at 80 ◦C and 
flowed by cooling to room temperature to form I2@Nap-FFGP hydrogel. 
Except for specific mentions, the concentration of peptide in all samples 
were 3 mg/mL, while the concentration of iodine was 1 mg/mL.

The morphologies of all the samples were characterized by TEM 
images. Generally, the hydrogel was dropped onto carbon-coated grids 
and stained with 2 % uranyl acetate for 1 min while iodine-containing 
hydrogel were not stained. Then the samples were washed once with 
deionized water and the images were captured by TEM.

2.5. Oscillatory rheological test

The samples of hydrogels (2 mg/mL) were measured on ARES-G2 
Rheometer (TA Waters, USA) at 25 ◦C, with a 25 mm diameter plate 
and 0.5 mm gap. 1 % and 100 % strains were set for alternating cycles.

2.6. Critical micelle concentration

To measure the critical micelle concentration (CMC), Rhodamine 6G 
was introduced into peptide solutions with a final concentration at 5 μM 
and incubated at room temperature for 24 h. The maximum absorption 
wavelength (λmax) of Rhodamine 6G was then recorded using a Micro
plate Reader to calculate the CMC.

2.7. In vitro release of iodine

A vial of I2@Nap-FFGP hydrogel (1 mL) was placed in a water bath at 
37 ◦C and subsequently immersed with 1 mL preheated PBS (pH 7.4) 
containing 1 wt% potassium iodide. At predetermined time points, 0.8 
mL of the surrounding medium was collected and replaced with an equal 
volume of fresh medium. The release of iodine was measured by the 
absorbance of collected medium at 350 nm using a Microplate Reader.

2.8. Antibacterial test

To investigate the antibacterial effect against Methicillin-resistant 
Staphylococcus aureus (MRSA, USA300), MRSA (108 CFU/mL) were 
firstly collected and washed with PBS for three times, then the bacterial 
solution was mixed with the equal value of Nap-FFGP (3 mg/mL), 
I2@Nap-FFGP, I2@Nap-FFGA (3 mg/mL) and iodophor (1 mg/mL) 
respectively. The population of MRSA was quantified by plate counting 
over time to monitor the antibacterial effect.

2.9. Morphological changes of MRSA

MRSA were incubated with different samples at 37 ◦C for 4 h, 
collected by centrifugation and additional washes with PBS for three 
times. Then the MRSA were fixed and stored at 4 ◦C overnight. The fixed 
bacteria were washed with a buffer solution consisting of 0.1 M PB/ 
Cacodylate for three times and stained with 1 % osmic acid for 1 h 
followed by another round of washing. After dehydrating by an ethanol 
gradient process, vacuum-dried, and finally sputter-coated with gold, 
the morphology was subsequently collected by SEM images.

2.10. Biofilm clearance experiment

This test was conducted on an aseptic transparent 96-well plate. 
After three days of incubation, the upper biofilm was removed, and the 
wells were washed with PBS. Following, 100 μL of different samples 
were added. After 4 h of incubation, the supernatant was discarded. The 
wells were washed three times with PBS, followed by the addition of 
100 μL of 0.1 % crystal violet solution for staining for 10 min 100 μL of 
ethanol was added to dissolve the crystal violet. The optical density 
values at 595 nm were measured to detect the biofilm clearance.

2.11. Live/dead staining

Live/Dead staining was performed to visualize biofilm elimination. 
For biofilm CLSM imaging, SYTO 9 (485/498 nm) and propidium iodide 
(PI, 535/617 nm) fluorescent probes were used to distinguish between 
live and dead cells, where the live bacteria were presented as green 
fluorescence and red fluorescence indicated the dead species.

2.12. Cytotoxicity of I2@Nap-FFGP

The cytotoxicity of the hydrogel was detected by 3-(4,5-Dime
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay ac
cording to the commercial protocol. Endometrial stromal cells were 
seeded in a 96-well plate with a density of 1 × 10⁴ cells per for 24 h. 
I2@Nap-FFGP hydrogel and iodophor were incubated in culture medium 
respectively (volume ratio was 1:4) for 24 h to prepare the infiltration 
solutions. Then, the culture medium was removed by infiltration solu
tions and incubated for another 24 h. Afterward, 10 μL MTT solution (5 
mg/mL in PBS) was added into each well and co-incubated for another 4 
h. The culture medium was then removed. 100 μL SDS-HCl solution (10 
% SDS + 0.01 M HCl) was added to each well, and incubated overnight 
at 37 ◦C. Absorbance at 595 nm was measured using a Microplate Reader 
(Varioskan Lux, ThermoFisher, USA). Each sample was set up with three 
parallels.

Subsequently, the Live/Dead cell imaging kit (ThermoFisher, USA) 
was used to further measure the in vitro cytotoxicity of I2@Nap-FFGP. 
Briefly, endometrial stromal cells (5 × 10⁴ cells/well) were seeded in 
confocal dishes and cultured over 12 h. Then, 1 mL of the different 
infiltration solutions was added to the confocal dishes, respectively. 
After 24 h of incubation, the cells were rinsed twice with PBS (pH 7.4), 
and the Live/Dead cell imaging kit was added for staining, which co- 
incubated for about 15 min. Finally, images were captured using a 
confocal laser scanning microscope (CLSM, Leica Stellaris 5). Green 
fluorescence (Calcein AM) indicated live cells while dead cells repre
sented as red fluorescence (BOBO-3 Iodide).

2.13. Hemolysis assay

Hemolysis assays were conducted using fresh mouse blood, which 
was centrifuged at 3000 rpm for 5 min, then washed with PBS for three 
times, and suspended at an 8 % concentration. A total amount of 100 μL 
of the prepared infiltration solutions was mixed with the red blood cell 
suspension (infiltration/blood suspension = 1/1, v/v) and incubated at 
37 ◦C for 3 h. Triton X-100 was employed as positive control and PBS 
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was set as negative control. The samples were then collected by 
centrifugation at 3000 rpm for 5 min 100 μL supernatant was collected 
for measurement of absorbance at 570 nm using a Microplate Reader.

2.14. In vitro degradation

Simulated uterine fluid was employed for the test of biodegrading 
ability. I2@Nap-FFGP hydrogel was incubated with equal volume of 
simulated uterine fluid at 37 ◦C water bath for 10 days. The hydrogel 
images in the vial were captured on days 1, 2, 3, 5, 7 and 10. For clearer 
observation of the hydrogel degradation, we removed the supernatant 
and inverted the glass vial in front of a blue background to capture 
optical images on Days 7 and 10. The composition of the simulated 
uterine fluid is provided in the Supplementary Table.

2.15. In vivo therapeutic effect

Animal experimental protocols were approved by the First Affiliated 
Hospital of Wenzhou Medical University (WYYY-AEC-2024-004). Fe
male ICR mice (8 weeks) were fed in laminar flow cabinets under spe
cific pathogen-free condition with randomly provided food and water. 
After anesthetizing the mice, they were inverted for 2 min to allow 
abdominal organs to shift into the thoracic cavity, fully extending the 
uterus. A micro-injector was inserted into the uterine cavity via the 
vagina, and 60 μL of Staphylococcus aureus suspension (OD = 0.95) was 
injected into each mouse. After injection, the speculum was removed, 
and the mice were inverted for another 2 min to ensure thorough contact 
of the bacterial solution with the uterine wall, allowing for vaginal 
constriction to prevent leakage. Mice in the control group received the 
same procedure with physiological saline. Twenty-four hours post- 
modeling, the mice were randomly divided into six groups for 
different set of experiments: Group 1, healthy mice without any treat
ment; Group 2, mice injected with PBS (100 μL); Group 3, mice injected 
with Nap-FFGP hydrogel (100 μL 3 mg/mL); Group 4, mice injected with 
I2@Nap-FFGA hydrogel (100 μL 3 mg/mL, containing 1 mg/mL iodine); 
Group 5, mice injected with I2@Nap-FFGP hydrogel (100 μL 3 mg/mL, 
containing 1 mg/mL iodine); Group 6, mice injected with Iodophor (100 
μL). After 24 h of treatment, the mice were euthanized and the uterus 
and major organs were collected for further analysis.

To access the improved fertility, after 24 h of treatment, the female 
mice were caged together with male for 14 days. After that, the uteri 
were collected and the number of embryos were quantified.

2.16. RT-qPCR assay

To evaluate the levels of inflammatory-related mRNA expression in 
uterine tissues after different treatments, the total RNA was extracted 
with TRIzol (Thermo Fisher, USA) and subsequently quantified and 
purified. Then cDNA was prepared using HiScript IV All-in-One Ultra RT 
SuperMix (Vazyme, China). The real-time quantitative polymerase chain 
reaction (RT-qPCR) was then performed subsequently using ChamQ 
Universal SYBR qPCR Master Mix (Vazyme, China). The relative 
expression of mRNA was normalized to the expression level of GAPDH.

2.17. Statistical analysis

Data performed as indicated were presented as means ± SD, while 
error bars in all the bar graphs and line graphs represented SD. Shapiro- 
wilk test was employed to determine whether the data were normally 
distributed. The comparisons between two groups were evaluated by 
independent sample two-tails t-test. Three or more groups were evalu
ated by one-way ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001.

3. Results and discussion

3.1. Synthesis and characterization of I2@Nap-FFGP hydrogels

The synthesis of the self-assembling factor Nap-FFGP was straight
forward and performed according to standard solid-phase peptide syn
thesis (SPPS) (Scheme S1 and Fig. S1A). Based on its established 
efficacy, diphenylalanine was included as an excellent self-assembly 
motif to design our target molecule. The N-terminal naphthalene 
(Nap) group, which exhibited strong π− π stacking interactions, signifi
cantly enhanced the self-assembly potential. Specifically, the C-terminal 
Pro (P), which is structurally analogous to pyrrolidone, was used to form 
a complex with iodine, yielding an iodine-containing peptide hydrogel.

A heating–cooling method was used to prepare the hydrogel. Nap- 
FFGP (3.0 mg/mL) was sufficient to form a self-supported hydrogel 
(inset in Fig. 1A); abundant nanofibers formed, as observed in its TEM 
image (Fig. 1A). Iodine was then incorporated into Nap-FFGP to form 
hydrogels and the iodine-incorporated samples are hereinafter referred 
to as I₂@Nap-FFGP. Incorporating iodine at Nap-FFGP to iodine ratios of 
3:0.3 or 3:0.6 diminished assembly quality, resulting in sparse nano
fibers and a lack of hydrogel formation. An increase in the ratio to 3:1 
enhanced gelation without any notable morphological changes. How
ever, in the I2@Nap-FFGP sample with a ratio of 3:2, nanoparticles were 
observed in the TEM images alongside a visible precipitate in the 
hydrogel, which indicated that the saturation point in the peptide-iodine 
complexation was reached (Fig. 1A). A rheological test showed that the 
dynamic storage moduli (G′) of both the Nap-FFGP and I2@Nap-FFGP 
hydrogels were nearly one order of magnitude higher than their loss 
moduli (G″). Additionally, the G′ and G″ values were independent with 
broad ranges of frequencies, confirming the formation of stable hydro
gels of Nap-FFGP (3 mg/mL) and I2@Nap-FFGP (3 mg/mL Nap-FFGP 
complexed with 1 mg/mL iodine) (Fig. 1B and Fig. S2). The critical 
micelle concentrations (CMCs) of Nap-FFGP and I2@Nap-FFGP were 
0.2677 and 0.4747 mg/mL, respectively, indicating that the addition of 
iodine impaired the assembly ability, in agreement with the optical and 
TEM images (Fig. 1C). We further measured and analyzed the secondary 
structure by circular dichroism (CD) spectra. After the addition of 
iodine, an increase of α-helix could be observed while proportion of 
β-sheet decreased in the I2@Nap-FFGP hydrogel (Fig. S3). We finally 
chose the I2@Nap-FFGP hydrogel with a ratio of 3:1 for subsequent tests, 
as it exhibited superior mechanical properties and optimal iodine 
loading to the other I₂@Nap-FFGP hydrogels.

Stability assessments of the I2@Nap-FFGP hydrogels by injecting into 
a PBS buffer confirmed their structural integrity (Fig. 1D). Additionally, 
the I2@Nap-FFGP hydrogel was subjected to alternating cycles of high 
and low strain at 25 ◦C. As shown in Fig. 1E and F, the G′ exceeded the G″ 
under low oscillatory strain (1 %), indicating a hydrogel status. 
Conversely, at high strain (100 %), the G′ declined to below the G″, 
indicating a rapid disruption of the gel and transition to a sol-like stage. 
The sol-like stage quickly reverted to the hydrogel state upon the 
oscillatory strain returning to 1 %. The modulus remained nearly con
stant over five cycles, indicating the exceptional self-healing ability of 
the I2@Nap-FFGP hydrogel; this is suitable for applications that require 
shear-thinning hydrogels. However, compared to the I2@Nap-FFGP 
hydrogel, the Nap-FFGP hydrogel displayed inferior self-healing capa
bilities. Subsequently, the release profile of iodine was measured and 
compared with that of the clinical agent PVP-I. As shown in Fig. 1G, the 
I2@Nap-FFGP hydrogel allowed for the sustained and slow release of 
iodine, with approximately 80 % release over 24 h, in stark contrast to 
the near-complete (100 %) release of iodine from PVP-I within 2 h. This 
result indicates the potential of the designed I2@Nap-FFGP hydrogel as 
an effective vehicle for continuous and sustained iodine delivery.

Further investigation into the role of the N-terminal Pro in iodine 
complexation was conducted by synthesizing a peptide, Nap-FFGA, with 
alanine substituting for Pro. Its synthesis was confirmed by liquid 
chromatography-mass spectrometry (Fig. S1B). A slight red shift was 
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observed in its UV–Vis spectrum (Fig. 1H and S4) after it was complexed 
with iodine. We further conducted Fourier-transform infrared (FTIR) 
spectroscopy to investigate the interactions between Nap-FFGP and 
iodine. As illustrated in Fig. 1I, a subtle red shift of approximately 1640 
cm− 1, attributed to ν(C=O), could be noted post iodine complexation, 
accompanied by a modest decrease in peak intensity, suggesting suc
cessful complexation of the carbonyl group (C=O) and iodine. 
Conversely, no significant changes were observed in the FTIR spectrum 
of the Nap-FFGA post iodine interaction, except for the disappearance of 
the absorption peak at 1750 cm− 1, which might indicate an interaction 
between iodine and the carboxyl group (Fig. S5). The Raman spectra of 
lyophilized powders of the solid iodine-containing peptide complexes 
revealed three distinct vibrational modes (Fig. 1J and S6). As the peak 
ascribed to free I2 appears at 180 cm− 1 in Raman spectra [24], the 
absence of a peak at 180 cm− 1 for both I₂@Nap-FFGP and I₂@Nap-FFGA 
suggests that neither contained free iodine. The peak at approximately 
160 cm− 1 in the spectrum for I2@Nap-FFGP might signify the symmetric 
stretching vibration of I2 in its complexation state; this peak was not 

identifiable for I2@Nap-FFGA. The peak at 111 cm− 1 may correspond to 
the symmetric stretching vibration of [I3]– while the peaks at 221 cm− 1 

might be double peaks, which might reveal the amino acid-iodine 
complex involved both amino and carboxyl groups [25,26]. Such re
sults indicate that both complexed iodine and polyiodides were present 
in I2@Nap-FFGP, whereas only polyiodides were maintained in 
I2@Nap-FFGA [27]. Furthermore, I2@Nap-FFGA failed to form a 
self-supported hydrogel (Fig. S7). Therefore, we found that the N-ter
minal Pro in the peptide facilitated strong iodine complexation and the 
formation of a stable iodine-containing hydrogel.

3.2. Antibacterial effect of iodine-containing hydrogels

To evaluate the antibacterial efficacy of I2@Nap-FFGP, its effects on 
methicillin-resistant Staphylococcus aureus (MRSA) bacteria were 
assessed at concentrations at 3 mg/mL. The MRSA population was 
quantified using the plate counting method (Fig. 2A). All the iodine- 
complexed peptide hydrogels dramatically reduced MRSA populations 

Fig. 1. Formation and characterization of I2@Nap-FFGP. (A) TEM images of Nap-FFGP (3 mg/mL) and I2@Nap-FFGP (the ratio of Nap-FFGP to iodine was 3:0.3, 
3:0.6, 3:1, 3:2 respectively with optical images inserted). (B) Frequency sweep of the dynamic storage modulus (G′) and loss modulus (G″) of a Nap-FFGP and I2@Nap- 
FFGP hydrogel. (C) CMC of Nap-FFGP and I2@Nap-FFGP. n = 3. (D) The formation of the injectable I2@Nap-FFGP hydrogel. The modulus of the (E) Nap-FFGP and 
(F) I2@Nap-FFGP hydrogel under alternating cycles, where 100 % for high-shear strain and 1 % for low one. (G) The release profiles of iodine in I2@Nap-FFGP 
hydrogel and iodophor. n = 3. (H) UV–vis spectrum of Nap-FFGP and I2@Nap-FFGP. (I) ATR-FTIR spectrum of Nap-FFGP and I2@Nap-FFGP. (J) Raman spectrum of 
Nap-FFGP and I2@Nap-FFGP.
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Fig. 2. Antibacterial effect of I2@Nap-FFGP against MRSA. (A) The images of antibacterial effect of different treatments after 2 min by spread plate of MRSA. (B) 
SEM images of the morphological changes of MRSA incubated with different agents. (C) The design and process workflow of biofilm-related tests. (D) Representative 
3D CLSM images of MRSA biofilm after different treatments. Live bacteria embedded in biofilms are represented as green fluorescent (labelled with SYTO9) and red 
fluorescent represented as dead bacteria (labelled with PI). Scale bars, 100 μm. (E) Crystal violet staining images and quantitative analyses of MRSA biofilm biomass 
after different treatment. All the data were presented as means ± SD, while n = 3. The significance was evaluated by one-way ANOVA test in (E). **P < 0.01; n.s, 
not significant.
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upon treatment, with no observable colonies remaining after only 2 min 
of exposure. We then studied the morphological changes in the MRSA 
bacteria using scanning electron microscopy (SEM). The wild-type 
MRSA bacteria maintained almost intact morphologies after treatment 
with PBS and Nap-FFGP despite the presence of the nanofibers. In 
contrast, when treated with the iodine-complexed hydrogels, the bac
terial cells were deformed, collapsed, and rough, indicating substantial 
bacterial damage (Fig. 2B). Biofilm formations are vital to persistent 
bacterial infections, biofilms cause antibiotic resistance and protect 
bacteria from the host immune system. Therefore, the disruption of 
biofilms is challenging [28]. We further investigated the effects of 
I2@Nap-FFGP on bacterial biofilms using 3D confocal laser scanning 
microscopy (CLSM) (Fig. 2D) and crystal violet staining (Fig. 2E) to 
quantify the biofilm clearance. Treatment with PBS resulted in minimal 
alterations of the biofilm, while treatment with Nap-FFGP caused only a 
slight reduction in optical density (OD595), which may be due to the 
absence of the antibacterial agent iodine. In contrast, treatment with 
I2@Nap-FFGP resulted in strong red fluorescence and negligible green 
fluorescence, suggesting that I2@Nap-FFGP exhibited enhanced biofilm 
permeation and substantial antibacterial efficacy. Furthermore, the 
OD595 decreased by approximately 80 % after treatment with 
I2@Nap-FFGP, indicating significant biofilm ablation. Treatment with 
iodophor (PVP-I) also resulted in strong red and green fluorescence, but 
with less than a 50 % decrease in biofilm formation.

To investigate its ability of I2@Nap-FFGP to induce outer membrane 
permeation, a lipophilic dye 1-(N-phenylamino)naphthalene (NPN) was 
utilized. NPN exhibits weak fluorescence in aqueous media and signif
icantly higher fluorescence when interacting with lipidic bacterial cell 
membranes [29,30]. Furthermore, NPN cannot permeate through 

bacterial membranes unless the membranes are compromised or 
damaged. As shown in Fig. S8, MRSA exhibited a remarkable increase in 
fluorescence after treatment with Nap-FFGP, indicating that the 
permeability of the MRSA outer membranes was enhanced. These results 
suggest that Nap-FFGP, the skeleton of the I2@Nap-FFGP hydrogel, 
might be a reinforcer of iodine permeation, resulting in I2@Nap-FFGP 
exhibiting superior elimination of MRSA biofilms compared to PVP-I.

3.3. In vitro biocompatibility

Upon establishing the effective abolishment of bacteria by the 
I2@Nap-FFGP hydrogel, we investigated its application in physiological 
humid and aqueous pathological conditions. We focused on endome
tritis, a common gynecological disease that is typically caused by bac
terial infections [31,32], and often leads to chronic pelvic pain and 
ectopic pregnancy, and which is a prime cause of infertility [33,34]. We 
evaluated the biocompatibility of I2@Nap-FFGP, as biosafety is as 
crucial as therapeutic efficacy when considering biomedical applica
tions. Endometrial stromal cells were treated with I2@Nap-FFGP or 
iodophor. Calcein-AM (green fluorescence) was used to identify live 
cells, whereas BOBO-3 iodide (red fluorescence) indicated dead cells. 
Bright-green fluorescence was observed after treatment with 
I2@Nap-FFGP, indicating preserved cell viability, which was corrobo
rated by cell proliferation results. Meanwhile, although the above results 
show that iodophor could remove bacterial biofilms, there was negli
gible green fluorescence and cell proliferation was almost completely 
inhibited (Fig. 3A and B). In addition, we performed a hemolysis test 
because I2@Nap-FFGP is expected to come into contact with endome
tritis wounds, and thus may be exposed to blood. The results revealed 

Fig. 3. The biocompability of I2@Nap-FFGP in vitro. (A) CLSM images of endometrial stroma cells and (B) cell viability of endometrial stroma cells after treatment 
with iodophor and I2@Nap-FFGP hydrogel. (C) Optical images and (D) hemolysis rate of mouse red blood cell treated with iodophor and I2@Nap-FFGP hydrogel. All 
the data were presented as means ± SD, while n = 3.

Y. Zhang et al.                                                                                                                                                                                                                                   Bioactive Materials 47 (2025) 198–208 

204 



that I2@Nap-FFGP exhibited a low hemolysis ratio at the tested con
centrations, whereas the iodophor caused severe hemolysis. Thus, 
I2@Nap-FFGP demonstrated superior hemocompatibility (Fig. 3C and 
D). We then evaluated the in vitro degradation of the I2@Nap-FFGP 
hydrogel in simulated uterine fluid. The hydrogel gradually turned into 
transparent and fluidity, together with the release of iodine. At day 10, 
the hydrogel was almost completely dissolved, indicating the biode
gradability in physiological environments (Fig. S9). These in vitro results 
suggest that I2@Nap-FFGP is a promising therapeutic option for treating 
endometritis in vivo.

3.4. In vivo repair of infection-based endometritis

To assess the in vivo therapeutic efficacy of the iodine-complexed 
hydrogel, a mouse model of MRSA infection-based endometritis was 
established. Thirty female mice were randomly divided into six groups 
of five. To induce infection, 60 μL of MRSA were injected into the uteri of 
mice in five groups, followed by treatment administration, while a sixth 
group of healthy mice was served as a control (Fig. 4A). The appearance 
of uterine tissues was assessed to evaluate inflammatory response. As 
shown in Fig. 4B, normal uterine tissues appeared pale yellow, while the 
PBS treatment group exhibited significant redness and swelling. Treat
ment with I2@Nap-FFGA, Nap-FFGP, and iodophor resulted in varying 
improvements, with notable recovery observed in the Nap-FFGP and 
I2@Nap-FFGA groups. I2@Nap-FFGP demonstrated the highest recov
ery, with uterine tissues closely resembling healthy controls, indicating 
effective inflammation alleviation.

After euthanizing the mice, hematoxylin-eosin (HE) staining was 
used to analyze uterine and major organ histomorphologies. As shown in 
Fig. 4C, control mice exhibited intact, well-defined endometrial struc
tures, while PBS treatment induced pathological changes such as loose 
tissue arrangement, increased interstitial spaces, hemorrhage, epithelial 
damage, and neutrophil infiltration. Minimal improvements followed 
Nap-FFGP and I2@Nap-FFGA treatments, whereas I2@Nap-FFGP treat
ment notably restored edema and stabilized tissue structures, indicating 
superior efficacy. Iodophor treatment provided partial recovery but 
induced higher inflammatory scores than I2@Nap-FFGP (Fig. 4D) ac
cording to standard measurement protocol [35,36].

Pro-inflammatory cytokines IL-1β and TNF-α were quantified in 
uterine tissues using immunohistochemical (IHC) and immunofluores
cence (IF) staining (Fig. 4G and Fig. S10), with results analyzed in 
Fig. 4E and F. IHC staining indicated reduced IL-1β and TNF-α levels in 
the Nap-FFGP and iodophor groups. Notably, IL-1β and TNF-α levels 
significantly decreased following I2@Nap-FFGP treatment, reaching 
levels comparable to the healthy control group. Real-time qPCR analysis 
further showed significant down-regulation of TNF-α and IL-1β mRNA 
expression after I2@Nap-FFGP treatment (Fig. S11).

To verify the potential toxicity of I2@Nap-FFGP, H&E staining was 
performed to evaluate the morphological changes of major organs after 
different treatments. The treatment groups exhibited insignificant dif
ference compared to healthy mice in heart, liver, spleen, lung and kid
ney, which indicated the biocompatibility of the employed treatments 
(Fig. S12). Collectively, these results suggest that I2@Nap-FFGP not only 
mitigates pathogenic presence but also promotes endometrial repair, 
highlighting its potential as a fertility-restoration strategy.

3.5. Restored fertility of mice with endometritis after treatment with 
I2@Nap-FFGP

After resolving inflammation and restoring the endometrium, we 
consequently investigated the therapeutic effect of I2@Nap-FFGP on the 
restoration of fertility endometritis-affected mice. Angiogenesis in the 
endometrium is crucial for tissue reconstitution [37,38]. Accordingly, 
immunofluorescence staining for α-smooth muscle actin (α-SMA) and 
CD31 (an established angiogenesis biomarker) was performed. Coloc
alization of CD31 and α-SMA indicated sites of neovascularization 

(Fig. 5A). Following 24h treatment with I2@Nap-FFGP, CD31-positive 
area and α-SMA-positive area were significantly higher than in other 
treatment groups (Fig. 5A and S13), indicating enhanced neo
vascularization. Vascular endothelial growth factor (VEGF) has been 
shown to repair damaged vessels and promote angiogenesis by 
enhancing vascular endothelial cell proliferation and migration in the 
later stages of healing [39]. Thus, VEGF expression was evaluated by 
immunohistochemical staining. As shown in Fig. S14, I2@Nap-FFGP 
notably upregulated VEGF levels, aligning with CD31 results and sup
porting substantial vascularization and tissue regeneration in the uterine 
environment.

To assess reproductive function recovery, embryo numbers were 
evaluated in mice with endometritis (Fig. 5B and C). Endometritis 
significantly impaired pregnancy outcomes compared to healthy con
trols. The PBS treated group showed only a 20 % pregnancy rate, with 
reduced embryo numbers relative to controls. Nap-FFGP and I2@Nap- 
FFGA treatments moderately improved pregnancy rates to approxi
mately 45 % and 30 %, respectively. Importantly, I2@Nap-FFGP, which 
demonstrated optimal endometrial restoration, significantly improved 
pregnancy rates and achieved embryo numbers comparable to those in 
the control group. These results verified the eradication of bacterial 
infection and effective endometrial repair by I2@Nap-FFGP, which 
successfully reversed adverse pregnancy outcomes. Overall, treatment 
with I2@Nap-FFGP markedly increased pregnancy rates, highlighting its 
therapeutic efficacy in endometrium restoration post-endometritis.

4. Conclusions

Iodine, recognized for its high efficacy and cost-effectiveness as an 
antiseptic, has been extensively employed in the clinical disinfection of 
the skin and mucous membranes because of its broad-spectrum anti
microbial properties and ease of application. However, the uncontrolled 
release of highly reactive and toxic iodine in physiologically and path
ologically moist environments hinders its clinical application. In this 
study, we successfully demonstrated an iodine-containing peptide 
hydrogel optimized for humid and aqueous pathological conditions. The 
N-terminal-Pro–iodine complex stabilized I2, enabling a sustainable 
release profile. This complex hydrogel demonstrated excellent biocom
patibility, exceptional antibacterial activity and effectively disrupted 
biofilm formation. When used for treating infection-induced endome
tritis in mice, the iodine-complex hydrogel alleviated inflammation and 
facilitated endometrial repair. In addition, the hydrogel significantly 
restored the fertility of mice with endometritis. Therefore, the iodi
ne–peptide complex hydrogel provides a potential therapeutic solution 
to meet the clinical demands for disinfecting bacteria and treating 
bacterial infections.

CRediT authorship contribution statement

Yu Zhang: Writing – original draft, Validation, Methodology, 
Investigation, Formal analysis. Haiyan Liu: Writing – original draft, 
Validation, Methodology, Investigation, Formal analysis. Weiqi Zhang: 
Validation, Methodology, Investigation. Yinghao Ding: Validation, 
Methodology, Investigation. Shengyi Zhang: Investigation. Xiaowan 
Huang: Investigation. Jiali Chen: Writing – review & editing, Writing – 
original draft, Supervision, Project administration, Data curation, 
Conceptualization. Zhimou Yang: Writing – review & editing, Super
vision, Project administration, Funding acquisition, Data curation, 
Conceptualization. Feng Lin: Writing – review & editing, Supervision, 
Project administration, Funding acquisition, Data curation, 
Conceptualization.

Ethics approval and consent to participate

Animal experimental protocols were approved by the First Affiliated 
Hospital of Wenzhou Medical University (WYYY-AEC-2024-004).

Y. Zhang et al.                                                                                                                                                                                                                                   Bioactive Materials 47 (2025) 198–208 

205 



Fig. 4. In Vivo Therapy of Endometritis. (A) Schematic illustration of the protocol for establishing and treating endometritis in mice. (B) Optical images of uteri 
following different treatment. (C) H&E staining of uterine tissues and (D) quantification of inflammatory scores for each group, blue arrows indicate resident 
interstitial cells, and black arrows indicate neutrophil. (E–F) Quantitative analysis of TNF-α (E) and IL-1β (F) levels in uterine tissues following different treatment. 
(G) Representative images of immunohistochemical staining for TNF-α and IL-1β in uterine tissues following different treatment, Scale bars = 50 μm. Data are 
presented as mean ± SD, n = 3 per group. Statistical significance was determined using one-way ANOVA for panels (D), (E), and (F); *P < 0.05.
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Fig. 5. Amelioration of endometrial receptivity of endometritis. (A) Immunofluorescence staining images of CD31(green) and α-SMA (red) in uterine tissues. (B) 
Representative images of uteri with implantation sites on pregnancy day 15. (C) Quantitative analysis of embryo numbers in the endometrium among different 
treatment groups. All the data were presented as means ± SD, n = 3. The significance was evaluated by one-way ANOVA test in (B). *P < 0.05; **P < 0.01.
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