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A B S T R A C T   

Infectious keratitis caused by bacterial biofilms is one of the main causes of corneal blindness, presenting a 
serious threat to public health. In this study, matrix metalloproteinase (MMP)-sensitive supramolecular nano
particles (denoted as MMP-S NPs) were constructed for enhancing photodynamic antibacterial effect against 
biofilm-associated bacterial keratitis. MMP-S NPs were prepared by host-guest self-assembly of chlorin e6 (Ce6) 
conjugated β-cyclodextrin (β-CD) prodrug (β-CD-Ce6) and MMP-9-sensitive peptides (YGRKKKRRQ
RRR-GPLGVRG-EEEEEE) terminated with adamantane (Ad) (Ad-MMP-S PEPs). MMP-S NPs with EEEEEE peptide 
shell had a negatively charged surface, preventing adhesion to the normal ocular surface or healthy corneal cells, 
thus enhancing tear retention time. After arriving at the infected lesions, the protective EEEEEE peptide shell of 
MMP-S NPs was removed, triggered by overexpressed MMP-9 in the keratitis microenvironment. The subse
quently exposed cationic peptides helped the nanoparticles penetrate and accumulate in biofilms as well as bind 
to Gram-negative bacteria Pseudomonas aeruginosa (P. aeruginosa), which eventually improved the photodynamic 
antibacterial effect. Furthermore, the P. aeruginosa keratitis model verified the high effectiveness of a topical eye 
drop formulation of MMP-S NPs in killing bacteria by destroying the bacterial membrane as a result of in situ 
photodynamic activation of reactive oxygen species (ROS) formation under light irradiation. Moreover, the 
inflammatory response in the cornea was inhibited to a great extent. As a result, further damage to the corneal 
tissue was completely suppressed. This research provides a viable antibacterial alternative to fight against 
bacterial keratitis through effective elimination of infectious bacteria and eradication of bacterial biofilms in the 
cornea.   

1. Introduction 

As a sight-threatening ocular infection, bacterial keratitis is one of 
the main causes of corneal blindness. Bacterial keratitis often occurs 
after corneal trauma, wearing contact lenses, or the use of con
taminated surgical instruments in ophthalmic surgery [1]. After ex
posure, pathogenic bacteria take the opportunity to invade the corneal 
tissue, causing a severe corneal inflammatory response [2,3]. Patients 
with bacterial keratitis therefore suffer from acute ocular pain, photo
phobia, lacrimation, blepharospasm, and decreased visual function. 
Pseudomonas aeruginosa (P. aeruginosa) keratitis is not only the most 

common but also the most dangerous form of bacterial keratitis. It can 
destroy the whole cornea in 24–48 h and lead to loss of visual acuity, 
even blindness, within a few days [4]. Broad-spectrum antibiotics (e.g., 
levofloxacin and tobramycin) are usually topically administrated as 
first-line clinical treatment for bacterial keratitis. However, mounting 
evidence suggests that susceptibility to antibiotics is gradually de
creasing as drug-resistant bacteria appear [5]. Meanwhile, a diverse 
range of bacteria, such as P. aeruginosa, form biofilms that are highly 
resistant to antibiotics, which makes curing corneal infections more and 
more challenging [6,7]. Hence, it is crucial to develop alternative 
therapeutic approaches for the management of bacterial keratitis. 
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Photodynamic therapy (PDT), discovered over 100 years ago, uti
lizes photosensitizers and light irradiation for generation of reactive 
oxygen species (ROS) to damage bacterial biological components and 
kill bacteria via oxidative stress [8,9]. PDT exhibits its efficacy in 
eliminating microorganisms, especially antibiotic-resistant microbial 
pathogens, by physically disrupting the cell membrane rather than in
terfering in metabolic processes [10–13]. However, as discussed earlier, 
many bacteria, including P. aeruginosa, can become resistant to tradi
tional PDT due to the formation of biofilms [6,14,15]. Biofilms are 
mainly composed of water and extracellular polymeric substances 
(EPS), and the penetration of photosensitizers into biofilms can be se
verely hindered, leading to the failure of antibacterial PDT [12,16,17]. 
Furthermore, although most photosensitizers show strong antibacterial 
activity against Gram-positive bacteria, they are much less effective 
against Gram-negative bacteria owing to their permeability barrier 
constructed by cell envelope structures, which constrains the binding of 
photosensitizers [9]. 

Ligands, including sugar moieties and peptides, have been adopted to 
conjugate with photosensitizers to make PDT more effective against 
Gram-negative bacteria in biofilms [7,18–21]. Among these, cationic 
peptides can not only facilitate the penetration of photosensitizers into 
biofilms [8,12], but also have high affinity and specificity against Gram- 
negative bacteria, which can greatly improve the antimicrobial PDT of 
photosensitizers [9]. However, cationic peptides can also be non
specifically adsorbed to negatively charged host cells or even endogenous 
substances as a consequence of electrostatic interactions in nature 
[22–25]. In particular, when used for keratitis treatment, cationic pep
tides will interact with the negatively charged mucin distributed on the 
cornea, affecting the bacteria-targeting ability [26–28]. It is well docu
mented that the microenvironment of biofilms is quite different from that 
of normal tissues [7]. For instance, matrix metalloproteinases (MMPs), 
such as MMP-9, are overexpressed in the bacterial biofilms and play a 
critical role in corneal melting [29–31]. Therefore, it will be particularly 
attractive to fabricate MMP-sensitive nanoparticles loaded with photo
sensitizers to improve the photodynamic antibacterial effect for biofilm- 
associated bacterial keratitis treatment. 

To address these challenges, MMP-sensitive supramolecular nano
particles (denoted as MMP-S NPs) with enhanced photodynamic anti
bacterial effects triggered by overexpressed MMP-9 in the biofilm en
vironment were developed for treatment of corneal biofilms. These 
MMP-S NPs were fabricated via host-guest interactions between chlorin 
e6 (Ce6) conjugated β-cyclodextrin (β-CD) prodrug (β-CD-Ce6) and 
MMP-9-sensitive peptides (YGRKKKRRQRRR-GPLGVRG-EEEEEE) ter
minated with adamantane (Ad) (Ad-MMP-S PEPs), in which Ad-MMP-S 
PEPs acted as the hydrophilic shell while Ce6 in β-CD-Ce6 acted as the 
hydrophobic core (Fig. 1). MMP-S NPs with EEEEEE peptide shell had 
negatively charged surfaces and could avoid adhesion to normal ocular 
surfaces or healthy corneal cells, thereby enhancing tear retention time. 
After arriving at the sites of corneal infection, the protective EEEEEE 
layer of MMP-S NPs was removed through cutting off GPLGVRG pep
tides by overexpressed MMP-9 in biofilms [32,33]. The subsequently 
exposed cationic peptides were expected to effectively promote the 
penetration and accumulation of MMP-S NPs into the biofilms as well as 
bind to P. aeruginosa, which eventually improved the antibacterial ef
ficacy of PDT. Moreover, the inflammatory response in the cornea could 
be inhibited to a great extent, preventing further damage to the corneal 
tissue. Hence, MMP-S NPs are expected to exhibit superior PDT of 
bacteria elimination and biofilm eradication for efficient management 
of bacterial keratitis. 

2. Materials and methods 

2.1. Materials 

β-CD and triethylamine were purchased from Sinopharm Co., Ltd. 1- 
(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and 

N-Hydroxysuccinimide (NHS) were provided by Aladdin Reagent Co., 
Ltd. Tosyl chloride (OTs), triethylenetetramine and amantadine (Ad) 
were supplied by Energy Chemical Co., Ltd. Chlorin e6 (Ce6) was sup
plied by J&K Scientific Ltd. 2′,7′-Dichlorofluorescin diacetate (DCFH- 
DA), matrix 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bro
mide (MTT), metalloproteinases-9 (MMP-9) and mucin (from porcine 
stomach, type II) were purchased from Sigma-Aldrich. The designed 
guest molecules of MMP-9-sensitive peptides Ad-MMP-S PEPs and MMP- 
9-insensitive peptides Ad-YGRKKKRRQRRR-GPMGMRG-EEEEEE (Ad- 
MMP-IS PEPs) were custom-synthesized by Top-peptide Co., Ltd. MilliQ 
Water (18.2 MΩ/cm) was obtained using a Millipore MilliQ Academic 
Water Purification System. All other reagents and solvents were of ana
lytical grade and used as received without further purification. 

2.2. Characterizations 

The 1H NMR spectra were recorded on a Bruker DMX500 spectro
meter. The size and zeta potential of the nanoparticles were measured 
by dynamic light scattering (DLS). DLS measurements were performed 
on Zetasizer Nano-ZS from Malvern Instruments equipped with a 
HeeNe laser (633 nm) at 25 °C. The morphology of the nanoparticles 
was observed by transmission electron microscopy (TEM) on a HT7700 
TEM at an accelerating voltage of 80 kV. The fluorometric measure
ments were carried out using a Shimadzu RF-530 spectrometer. The 
fluorescence intensity was recorded at 525 nm with the excitation 
wavelength set as 488 nm. Fluorescence images were captured by 
Nikon DS-Ri2 fluorescence spectrometer. The morphology of bacteria 
was characterized by HITACHI S-4800 field emission scanning electron 
microscopy (SEM). 

2.3. Synthesis of β-CD-Ce6 

β-CD-Ce6 was obtained via a multistep synthesis routine according 
to our previous report [34] (Scheme S1). β-CD-OTs was first prepared 
by activating β-CD with tosyl chloride (OTs). In brief, 60 g of β-CD was 
dissolved in 250 mL of deionized water followed by adding sodium 
hydroxide solution (6.57 g in 15 mL of deionized water) dropwise. After 
β-CD was completely dissolved, the solution was placed into an ice 
bath. Then, OTs solution (16 g in 30 mL of acetonitrile) was added 
slowly while constantly stirring. Clear white precipitation appeared 
upon adding OTs. After further reacting for 4 h at room temperature, 
the mixture was placed into refrigerator overnight, recrystallized in 
water three times, and filtered to get the white product (β-CD-OTs). 
Next, β-CD-OTs was further reacted with triethylenetetramine to obtain 
β-CD-NH2. One gram of β-CD-OTs was dissolved in 10 mL of dimethyl 
formamide, and then a mixed solution containing 1 mL of triethylamine 
and 0.8 mL of triethylenetetramine was added. The reaction was carried 
out for 72 h at 80 °C. The resultant solution was precipitated in acet
onitrile three times followed by being dried in vacuum at 35 °C over
night to obtain β-CD-NH2. Finally, 70 mg of β-CD-NH2 was reacted with 
25 mg of Ce6 under the catalysis of 30 mg of EDC and 20 mg of NHS in 
dimethyl sulfoxide (DMSO) for 24 h. Exhaustive dialysis (Mw = 1000) 
of the resultant was conducted against DMSO for 1 day and distilled 
water for 2 days. The β-CD-Ce6 conjugate was obtained via lyophili
zation. 

2.4. Preparation and characterization of supramolecular nanoparticles 

Ad-MMP-S PEPs solution (6 mg in 2 mL of deionized water) was 
added dropwise to the β-CD-Ce6 solution (3 mg in 2 mL of DMSO). The 
reaction mixture was then stirred for 24 h at room temperature in the 
dark, and MMP-sensitive supramolecular nanoparticles MMP-S NPs 
were obtained by spontaneous self-assembly of β-CD-Ce6 and Ad-MMP- 
S PEPs. The prepared nanocarriers were purified by dialysis 
(Mw = 3500) against deionized water for 2 days. MMP-insensitive 
supramolecular nanoparticles (denoted as MMP-IS NPs) were obtained 
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under the same conditions except using Ad -MMP-IS PEPs. 
The formation of nanoparticles was characterized by measuring the 

diameter and observing the morphology through DLS and TEM. To 
confirm the MMP-9 cleavable ability of MMP-S NPs, phosphate-buf
fered saline (PBS; 10 mM, pH 5.0) and MMP-S NPs solution (100 μM 
Ce6 equivalent) were mixed with MMP-9 at a final concentration of 
10 μM MMP-S NPs and 2 μg/mL MMP-9. After incubation at 37 °C for 
4 h, the solution was taken out for zeta potential and hydrodynamic 
diameter measurements. Finally, to determine the Ce6 loading content 
of the nanoparticles, micellar solution was lyophilized and weighed, 
and Ce6 was subsequently measured using 1H NMR and a Thermo 
Evolution 300 UV–Vis spectrophotometer at the wavelength of 405 nm. 

2.5. The ROS generation of supramolecular nanoparticles in vitro 

The ROS generation of supramolecular nanoparticles in vitro was 
measured using DCFH-DA as an indicator. DCFH-DA was first trans
formed to dichlorofluorescein (DCF) according to a reported procedure 
[35]. Then, 300 μL of supramolecular nanoparticles solution (10 μM 
Ce6 equivalent) was mixed with 100 μL dichlorofluorescein solution 
followed by 660 nm light irradiation (500 mW/cm2 power) for 2 min. 
The supramolecular nanoparticles solution (10 μM Ce6 equivalent) 
without irradiation and PBS were also handled with the same process. 
Finally, the fluorescence intensity was recorded at 525 nm with the 
excitation wavelength as 488 nm. 

2.6. Assessment of mucoadhesive properties 

Mucoadhesive properties of MMP-S NPs and MMP-IS NPs were as
sessed by determining the turbidity of the mucin dispersion incubated 
with supramolecular nanoparticles according to previous reports [36]. 
Briefly, a freshly prepared mucin solution at a final concentration of 
1 mg/mL was mixed with an equal volume of supramolecular nano
particles at a final concentration of 500 μg/mL as well as MMP-9 at a 
final concentration of 2 μg/mL. This mixture was incubated in a ther
mostat incubator at 37 °C with constant shaking (100 rpm). Then, the 
spectrophotometric analysis was performed by recording the absor
bance of the mixture at 600 nm with a UV–Vis spectrophotometer at 

regular time points. The increase in turbidity of the sample, referring to 
mucin solution turbidity, indicated mucoadhesive properties. In addi
tion, the absorbance of free mucin and MMP-9 was measured as con
trols. 

2.7. Bacterial culture 

P. aeruginosa and Staphylococcus aureus (S. aureus) were thawed 
from the −80 °C ultra-low temperature refrigerator and spread on agar 
plates by the plate streak method. After culture at 37 °C overnight, a 
certain amount of bacteria were scraped with an inoculating ring and 
cultured in Luria-Bertani (LB) at 37 °C on a shaker overnight. 
Subsequently, the bacteria were centrifuged (3000 RPM for 5 min) and 
washed with PBS three times. Finally, the bacteria were diluted to an 
appropriate number of colonies (colony forming units, CFU) for use. 

2.8. Bacteria-targeting behavior of nanoparticles 

A 100 μL of P. aeruginosa suspension (approximately108 CFU/mL) 
was mixed with 100 μL of micellar solution (10 μM Ce6 equivalent) in a 
96-well plate and incubated in a 37 °C shaker for 4 h. Then, bacterial 
staining was performed with 50 μL of 4′,6-diamidino-2-phenylindole 
(DAPI) solution. After standing for 15 min in the dark, the bacteria were 
washed with PBS three times, and the degree of adhesion of the na
noparticles to bacteria was subsequently observed by a fluorescence 
microscope. 

2.9. Cell culture and cytotoxicity of nanoparticles 

Human corneal epithelial cells (HCEs) were cultured using 
Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F- 
12) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 
100 mg/mL streptomycin at 37 °C in a humidified 5% CO2 incubator. 

The cytotoxicity of nanoparticles was studied using the MTT assay 
[37]. Briefly, HCEs in 180 μL of culture medium were seeded on a 96- 
well plate at a density of 6000 cells/well for 24 h. Then, 20 μL of MMP- 
S NPs solution was added to each well and incubated for another 4 h. 
After washed by PBS, the cells were treated with or without 660 nm 

Fig. 1. (a) Schematic illustration of the preparation of MMP-S NPs and their MMP-sensitive behavior in biofilm microenvironment; (b) Schematics of MMP-activated 
enhanced antimicrobial PDT for cornea biofilm eradication via MMP-S NPs. 
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light irradiation (500 mW/cm2 power) with different light irradiation 
times and further incubated for 24 h. Next, 20 μL of MTT (5 mg/mL) 
was added to each well, and the cells were further cultured at 37 °C for 
4 h. Finally, the medium was replaced with 150 μL DMSO to dissolve 
the obtained crystals, and the OD values at 490 nm were measured 
using a microplate reader. 

2.10. In vitro bactericidal activity of Ce6 and supramolecular nanoparticles 

The standard plate counting method was utilized for evaluating the 
bactericidal activity of Ce6 and nanoparticles. First, 100 μL of P. aeru
ginosa or S. aureus suspension (about 108 CFU/mL) was mixed with Ce6 
or nanoparticles (10 μM Ce6 equivalent) in a 96-well plate. After 
shaking and incubating in a 37 °C shaker for 4 h, the samples were 
irradiated with a wavelength of 660 nm light and power of 500 mW/ 
cm2 for 0, 2, 4, and 8 min, respectively. Then, each sample was ap
propriately diluted and incubated with LB solid medium. Bacterial co
lonies were counted after 14 h of incubation at 37 °C. At the same time, 
the bacterial colonies of P. aeruginosa treated with nanoparticles in the 
dark were counted according to the aforementioned steps. 

The morphologies of the bacteria treated with nanoparticles were 
investigated under a SEM. The bacteria suspension was incubated with 
MMP-S NPs solution (10 μM, calculated as Ce6). After shaking and 
incubating in a 37 °C shaker for 4 h, the samples were irradiated with a 
wavelength of 660 nm light and power of 500 mW/cm2 for 0, 2, 4, and 
8 min, respectively. Then, the suspension was dropped on a clear glass 
slide, fixed with glutaric dialdehyde for 2 h and dehydrated using 
graded ethanol (10%, 20%, 40%, 60%, 80%, and 100% for 10 min 
each). Gold was sputtered onto the samples before SEM tests. 

2.11. The penetration and ROS generation behavior in biofilms 

P. aeruginosa biofilms were cultured in glass dishes with LB broth at 
37 °C. Two days later, the culture medium was removed, and the bio
films were gently washed with PBS before testing. The MMP-S NPs and 
MMP-IS NPs (30 μM, calculated as Ce6) were then added into the 
dishes. After 4 h of incubation, the biofilms were washed with PBS three 
times and further stained with DAPI. The fluorescence of the biofilms 
and the nanoparticles were visualized with confocal laser scanning 
microscopy (CLSM). 

The ROS generation in P. aeruginosa biofilms was investigated using 
ROS indicator, DCFH-DA. Briefly, the P. aeruginosa biofilms were first 
cultured in 96-well plates. Then, PBS, MMP-S NPs (30 μM Ce6 
equivalent), and MMP-IS NPs (30 μM Ce6 equivalent) was added into 
the biofilm, respectively. After 4 h of incubation, the biofilms were 
washed with PBS three times and further stained with DCFH-DA. The 
biofilms were irradiated by a 660 nm light (500 mW/cm2 power) for 
4 min and the fluorescence of DCF was visualized with fluorescent 
microscopy. 

2.12. Antibacterial effects against biofilms 

P. aeruginosa biofilms were cultured in 96-well plates for 2 days. 
Then, the culture medium was removed, and the biofilms were gently 
washed with PBS. The MMP-S NPs and MMP-IS NPs (30 μM, calculated 
as Ce6) were then added into each well. Four hours later, the samples 
were irradiated with a wavelength of 660 nm light and power of 
500 mW/cm2 for 0, 2, 4, and 8 min, respectively. PBS incubated bio
films were used as controls (CTRL). The biofilms were then dispersed by 
sonication for 10 min. Each sample was appropriately diluted and in
cubated with LB solid medium for plate counting. 

2.13. Live/dead staining of biofilms 

P. aeruginosa biofilms were cultured in glass dishes for 2 days. After 
washed with PBS, the biofilms were incubated with the nanoparticles 

(30 μM, calculated as Ce6). The samples were irradiated using 660 nm 
light with a power of 500 mW/cm2 for 4 min. Finally, the biofilms were 
stained with Live/Dead dye for 20 min and visualized with CLSM. 

2.14. P. aeruginosa-infected keratitis induction and topical ocular eye drop 
administration 

All animal procedures were performed in accordance with the 
ARVO (Association for Research in Vision and Ophthalmology) 
Statement for the Use of Animals in Ophthalmic and Vision Research 
and the Guidelines for Principles of Laboratory Animal Care (National 
Institutes of Health publication NO. 86–23, revised 1985). Twenty-five 
healthy C57BL/6 mice (5–6 weeks old and weighing approximately 
18 g) were provided by the animal center of Zhejiang Academy of 
Medical Sciences. Bacterial inoculation was performed on the right 
corneas of the mice. The mice were topically anesthetized with 0.5% 
proparacaine hydrochloride (Alcaine; Alcon Laboratories, Inc.) fol
lowed by initiation of three 1 mm abrasions on the cornea using a 25- 
gauge needle. The mechanically damaged mice corneas were inoculated 
with 10 μL of P. aeruginosa suspension (about 105 CFU/mL). After 12 h 
of inoculation, mice with infected eyes were randomly divided into five 
groups (CTRL, MMP-IS NPs + light, MMP-S NPs, MMP-S NPs + light, 
and LVFX) with five mice each. Specifically, three groups were instilled 
with 20 μL of MMP-IS NPs or MMP-S NPs (100 μM Ce6 equivalent) 
every 5 min for 6 cycles and then washed with 10 mL of normal saline. 
After 3 h of incubation, the corneas of the MMP-IS NPs + light and 
MMP-S NPs + light groups were irradiated with 660 nm light and an 
irradiation intensity of 250 mW/cm2 for 5 min. The CTRL group was 
given normal saline only. The LVFX group was treated with commer
cially available levofloxacin eye drop (Tarivid®, Santen 
Pharmaceutical). All treatments were administered immediately from 
12 h post-infection (H12). The MMP-IS NPs + light, MMP-S NPs, MMP- 
S NPs + light groups were administrated once and the LVFX group was 
continued for one consecutive week (four times daily). 

2.15. Therapeutic efficacy evaluation 

In order to investigate therapeutic efficacy, ophthalmic evaluations 
were performed by examining the infected eyes of mice following 
various treatments using slit-lamp biomicroscopy at 12 h, 1 day, 3 days, 
and 7 days after surgery. The clinical features of P. aeruginosa keratitis 
were scored and graded according to the previously reported literatures 
with a little modification [14,38]. A grade of 0 to 4 was assigned to 
each feature based on these three criteria: area of corneal opacity, 
density of opacity, and surface regularity. A normal untreated cornea 
was given a score of 0 in each category and thus had a total score of 0. 
The score for each eye could yield a possible total score ranging from 0 
to 12. On behalf of determining the amount of viable bacteria in the 
infected cornea tissues, the excised corneas were homogenized in 
0.5 mL of sterile PBS. Aliquots of 0.1 mL of 10-fold diluted samples 
were placed onto mannitol salt agar (MSA) plates. After incubation at 
37 °C for 24 h, the colonies were counted and analyzed. 

2.16. Histological analysis 

At the end of the experiment, mice with different treatments were 
sacrificed, and their tissues were harvested. The tissues were then fixed 
in 4% paraformaldehyde in PBS, dehydrated in a graded series of 
ethanol solutions, embedded in paraffin, and cut into 5 μm-thick sec
tions. 

In order to investigate the histological changes and inflammatory 
response induced by the topical application of supramolecular nano
particles or antibiotics, the mice corneal tissues were stained with he
matoxylin and eosin (H&E), interleukin 1 beta (IL-1β), and tumor ne
crosis factor alpha (TNF-α) and examined visually under an optical 
microscope. 
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In order to evaluate the long-term effect of supramolecular nano
particles or antibiotics on normal organs, major mice organs (liver, 
spleen, and kidneys) were stained with H&E and examined visually 
under an optical microscope. 

2.17. Determination of blood parameters 

At day 7, mice with different treatment were sacrificed and the 
blood samples were collected. The changes of white blood cell count 
(WBC), neutrophil count (NEUT), lymphocyte count (LYMPH), mono
cyte count (MONO), eosinophil count (EOS), red blood cell count 
(RBC), red hemoglobin count (HGB), hematocrit (HCT), and platelet 
count (PLT) in whole blood were measured. Serum levels of alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), alkaline 
phosphatase (ALP), blood urea nitrogen (BUN), and creatinine (CREAT) 
were also investigated. 

2.18. Statistical analysis 

The results were expressed as the mean  ±  standard deviation (SD). 
Analyses were performed using GraphPad Prism version 8.0 software. 
The difference between two groups was compared using Student's t-test. 
The difference was considered no significance as ns, statistically sig
nificant as *p  <  0.05 and very significant as **p  <  0.01. 

3. Results and discussion 

3.1. Preparation and characterization of supramolecular nanoparticles 

β-CD-Ce6 was prepared via a multistep synthetic process (Scheme 
S1). In brief, β-CD was first activated with OTs to obtain β-CD-OTs and 
followed by treatment with excess triethylenetetramine to synthesize β- 
CD-NH2. Finally, β-CD-Ce6 was acquired by an amidation reaction 
between β-CD-NH2 and the lipophilic Ce6. One Ce6 was grafted onto 
one parental β-CD on average according to the 1H NMR results 
(Fig. 2b). The MMP-9-cleavable peptides Ad-MMP-S PEPs with an Ad 

termination were custom-synthesized and confirmed by mass spectro
metry (MS) analysis (Fig. S2a). The non-cleavable peptides Ad-MMP-IS 
PEPs were used as the control (Fig. S2b). Based on the strong host-guest 
recognition between host molecule β-CD and guest molecule Ad, su
pramolecular nanoparticles MMP-S NPs with MMP-9-cleavable EEEEEE 
peptide shell and MMP-IS NPs with uncleavable EEEEEE peptide shell 
were obtained by the self-assembly of β-CD-Ce6 and MMP-9-sensitive 
peptide Ad-MMP-S PEPs or MMP-9-insensitive peptide Ad- MMP-IS 
PEPs, respectively. 

Since MMP-9 is overexpressed in biofilm-associated bacterial (in
cluding P. aeruginosa) keratitis [7,29–31], the MMP-9 sensitive beha
vior of MMP-S NPs was first investigated. DLS was used to investigate 
the biofilm microenvironment-responsive size change of MMP-S NPs by 
incubation with MMP-9 at pH 5.0 to mimic the acidic biofilm micro
environment (pH 4.5–6.5) due to sugar fermentation [8,39]. As shown 
in Fig. 2c, the hydrodynamic diameters of MMP-S NPs and MMP-IS NPs 
were both 100 nm, which is favorable for the penetration of biofilm 
[40]. After incubation with MMP-9, the hydrodynamic diameter of 
MMP-IS NPs was almost unchanged while that of MMP-S NPs increased 
dramatically to over 1800 nm, which could achieve effective retention 
in biofilms. These results are consistent with previous reports that the 
stimulus-induced charge-reversal process may result in the occurrence 
of aggregation [41,42]. TEM was further applied to visually confirm 
this result. The obtained images revealed that MMP-S NPs had a 
spherical morphology with a diameter of approximately 60 nm, which 
was slightly smaller than that of the DLS results due to their dry form. 
After treatment with MMP-9, a larger and irregular morphology was 
observed, indicating the transformation of MMP-S NPs. Meanwhile, the 
surface charge of the nanoparticles after MMP-9 treatment was tested. 
As shown in Fig. 2d, the zeta potential of MMP-S NPs changed from 
−2.5 mV to +7.3 mV after MMP-9 treatment, indicating that the ca
tionic peptide could be exposed after removal of the EEEEEE peptide 
shell. Therefore, the MMP-S NPs can undergo surface charge reversal 
and size change process in the biofilm environment, which is beneficial 
for the penetration and long-term retention of MMP-S NPs in biofilms. 

Fig. 2. Characterization of MMP-S NPs. 1H NMR spectra of β-CD-NH2 (a) and β-CD-Ce6 (b). Hydrodynamic diameter (c) and zeta potential (d) of MMP-S NPs and 
MMP-IS NPs treated with or without MMP-9. (e) Mucoadhesion studies by turbidimetric measurements. 
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3.2. Anti-mucoadhesive ability of the nanoparticles 

Turbidimetric measurements were conducted to evaluate the anti- 
mucoadhesive ability of supramolecular nanoparticles by detecting the 
absorbance values of the mixture of selected nanoparticles and mucin at 
600 nm. As shown in Fig. 2e, the absorbance values of the mixture of 
mucin and MMP-S NPs remained low, indicating superior anti-mu
coadhesive ability because the EEEEEE peptide could prevent interac
tion with mucin. The absorbance values of MMP-S NPs treated with 
MMP-9 had a slight increase owing to the MMP-9-responsive size in
crease. However, the absorbance values of mixtures of mucin and MMP- 
S NPs increased much more quickly and significantly during incubation 
with MMP-9 over time. The increase in turbidity revealed that cationic 
peptides of MMP-S NPs were exposed after treatment with MMP-9 and 
then interacted with negatively charged sialic acid residues of the 
mucin, resulting in aggregation [35]. In fact, this relevant feature of 
MMP-S NPs could enhance tear retention time by stopping mucoadhe
sion to the ocular surface and simultaneously enhancing the permeation 
of the biofilms activated by MMP-9 after arrival at the ulcer, thus 
guaranteeing accumulation of MMP-S NPs in the biofilms. In addition, 
the data showed that the absorbance values of MMP-IS NPs kept low 
during incubation with mucin dispersion, irrespective of whether MMP- 
9 were added, indicating excellent anti-mucoadhesive ability due to the 
uncleavable EEEEEE peptide shell. 

3.3. Bacteria-targeting behavior of MMP-S NPs 

The targeting ligands of MMP-S NPs can be exposed, triggered by 
overexpressed MMP-9 in the infected sites. As a consequence, the na
noparticles bind to the bacteria due to electrostatic interactions with 
the anionic bacterial membrane, which is favorable for an efficacious 
PDT against bacteria. In order to investigate the targeting ability of 
nanoparticles, P. aeruginosa was incubated with MMP-S NPs and MMP- 
IS NPs at 37 °C for 4 h and collected by centrifugation. After labeling 
with DAPI, the fluorescence of bacteria was monitored using a fluor
escence microscope. As shown in Fig. 3a, strong red fluorescence of Ce6 
was clearly observed after P. aeruginosa was incubated with MMP-S 
NPs, demonstrating that MMP-S NPs effectively adhered to the bacteria 
in large quantities. It is deserved to mention that MMP-S NPs actually 
have stronger bacteria-targeting ability than the Fig. 3a shows, since 
the exposed cationic domains of MMP-S NPs can contact with other 
anionic substance in the culture media, which can interfere with the 
bacterial adhesion. In contrast, when P. aeruginosa was incubated with 
MMP-IS NPs that had an uncleavable EEEEEE peptide shell, the red 
fluorescence of Ce6 was rather weak. Thus, it can be concluded that 
MMP-S NPs exhibit an enhanced Ce6 bacteria-targeting capability. The 
bacteria-targeting ability of the nanoparticles can enhance the local 
concentration of photosensitizers around bacteria and shorten the dif
fusion distance of easily deactivated ROS, which can largely enhance 
the PDT efficacy, especially for resistant Gram-negative bacteria. 

3.4. In vitro bactericidal activity of Ce6 and supramolecular nanoparticles 

The standard plate counting assay was performed to investigate the 
enhanced PDT activity of MMP-S NPs against P. aeruginosa. As shown in 
Fig. S4 and 3b, Ce6 exhibited good antibacterial activity against Gram- 
positive S. aureus, but was inefficient against Gram-negative P. aerugi
nosa due to its physical outer membrane barrier. Thus, MMP-S NPs were 
prepared to display MMP-9-activated improvements in the antibacterial 
activity of PDT against Gram-negative bacteria. After incubation with 
108 CFU P. aeruginosa suspension for 4 h, MMP-S NPs eradicated more 
than 99.9% of P. aeruginosa with 4 min of 660 nm light irradiation 
(Fig. 3b). Prolonging the irradiation time could result in higher anti
bacterial efficacy as a consequence of enhanced ROS generation. Sur
prisingly, MMP-S NPs in the absence of light irradiation displayed a 
weaker but still clear bactericidal capacity by killing 89.1% of P. 

aeruginosa. We supposed that the exposed cationic peptides could ad
here to the bacterial membrane and destroy the membrane structure, 
leading to bacterial death. In contrast to MMP-S NPs, the antibacterial 
activity of MMP-IS NPs with light irradiation was much weaker since 
the MMP-IS NPs with uncleavable EEEEEE peptide shell could hardly 
adhere to the outer membrane of P. aeruginosa; therefore, the PDT effect 
was limited. In addition, P. aeruginosa morphology after PDT treatment 
of MMP-S NPs was observed by SEM. As shown in Fig. 3d, compared to 
the PBS group, the bacterial morphology changed to an obvious irre
gular division when cells were irradiated for 8 min and the number of 
bacteria adhering to the substrate decreased significantly. It is note
worthy that MMP-S NPs revealed almost no cytotoxicity to HCEs with 
over 95% of cell viability under dark conditions, even at 50 μM Ce6 
equivalent, where the concentration of Ce6 was relatively high to 
bacteria, exhibiting good biocompatibility toward corneal epithelial 
cells (Fig. S5). Meanwhile, the cell viability of HCEs cells could still 
keep more than 80% in treatment with MMP-S NPs at a dosage of 30 μM 
Ce6 with 8 min of 660 light irradiation (500 mW/cm2 power), where 
the concentration of Ce6 and the irradiation intensity were much higher 
than the antibacterial experiments we adopted (Fig. S6). These results 
confirmed that biocompatible MMP-S NPs with light irradiation can 
enhance the antibacterial activity of Ce6 in vitro. 

3.5. The penetration and ROS generation behavior in biofilms 

P. aeruginosa keratitis results in biofilm formation on the cornea 
[14], thus limiting nanoparticles penetration of biofilms to eradicate 
the bacteria. Therefore, the penetration behavior of nanoparticles is 
particularly important for treating the biofilm-associated keratitis. Po
sitively charged nanoparticles has been reported to be beneficial for 
improved penetration and accumulation in biofilms due to electrostatic 
interactions [8,12]. Since MMP-S NPs can undergo surface charge re
versal in the biofilms of the infected sites, the penetration behavior of 
the nanoparticles was investigated. As shown in Fig. 4a, biofilms 
treated with MMP-S NPs showed strong red fluorescence of Ce6, which 
indicated an effective penetration and accumulation of the nano
particles in P. aeruginosa biofilms. In contrast, only weak red fluores
cence was detected for the MMP-IS NPs treated sample. 

We further used ROS probe DCFH-DA to evaluate the ROS genera
tion since the ROS production in biofilms directly affects the anti
bacterial efficiency. As shown in Fig. S7, without light irradiation, 
MMP-S NPs or MMP-IS NPs could not generate ROS as PBS. Under 
660 nm light irradiation, both MMP-S NPs MMP-IS NPs could generate 
plentiful and almost equal amount of ROS. However, compared to the 
MMP-IS NPs group, much higher ROS generation of MMP-S NPs in 
biofilms was observed due to their better penetration and accumulation 
of NPs in biofilms, which can be ascribed to the surface charge reversal 
ability of the MMP-S NPs (Fig. S8). In the infected sites, the over
expressed MMP-9 can cut off GPLGVRG peptides and expose the ca
tionic peptides, thus enhancing the penetration and retention of the 
nanoparticles, and ROS generation in biofilms. 

3.6. Antibacterial effects against biofilms 

The antibacterial effects of the nanoparticles against P. aeruginosa in 
biofilms were then evaluated. The living bacteria in biofilms were ob
tained and calculated using the standard plate counting assay after 
treatments (Fig. 4b and c). Unlike the results of the antibacterial tests 
against planktonic bacteria, MMP-S NPs (30 μM, calculated as Ce6) did 
not cause bacterial death without irradiation, demonstrating the high 
resistance of the bacteria in biofilms. However, with 4 min of irradia
tion, a 99.4% reduction in bacterial survival rate was achieved, which 
illustrated the marvelous antibacterial ability of ROS. With a longer 
irradiation time of 8 min, the bactericidal rate of MMP-S NPs was ob
served to be as high as 99.997%, indicating that the nanoparticles may 
largely relieve the bacterial burden in the infected sites after 
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irradiation. In contrast, the antibacterial effects of the MMP-IS NPs 
were unsatisfactory due to limited biofilm penetration ability. A live/ 
dead assay was also conducted to visualize the antibiofilm results 
(Fig. 4d). More red fluorescence was detected in the MMP-S NPs + light 
treated samples compared to the MMP-IS NPs + light treated samples, 
which further confirmed the greater antibacterial effects of MMP-S NPs 
against P. aeruginosa biofilms under light irradiation. 

3.7. P. aeruginosa keratitis treatment 

The experimental P. aeruginosa-infected keratitis models were first 
established and dedicated to evaluating the photodynamic antibacterial 
effect of current supramolecular nanoparticles. The anterior segment 
morphology after various topical ocular treatments was examined by 
slit-lamp microscopy, and relevant clinical scores were recorded. As 
shown in Fig. 5a, all of the mice corneas exhibited clinical signs of P. 

Fig. 3. Bactericidal performance evaluation of MMP-IS NPs and MMP-S NPs against planktonic P. aeruginosa in vitro. (a) Fluorescence microscopy images of P. 
aeruginosa incubated with MMP-IS NPs and MMP-S NPs at the concentration of 10 μM Ce6 for 4 h. The scale bar is 10 μm. (b) CFU of P. aeruginosa administrated with 
Ce6, MMP-IS NPs and MMP-S NPs at a dosage of 10 μM Ce6 (660 nm light and 500 mW/cm2 power) with different irradiation times; *p  <  0.05 and **p  <  0.01. (c) 
Representative photographs of the microorganisms. (d) SEM images of P. aeruginosa treated with MMP-S NPs at a dosage of 10 μM Ce6 (660 nm light and 500 mW/ 
cm2 power) with different irradiation times. The scale bar is 2 μm. 
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Fig. 4. Bactericidal performance evaluation of MMP-IS NPs and MMP-S NPs against P. aeruginosa biofilms. (a) Penetration behavior of nanoparticles in P. aeruginosa 
biofilms incubated with MMP-IS NPs and MMP-S NPs at the concentration of 30 μM Ce6 for 4 h. (b) CFU of P. aeruginosa administrated with MMP-IS NPs and MMP-S 
NPs at a dosage of 30 μM Ce6 (660 nm light and 500 mW/cm2 power) with different irradiation times; *p  <  0.05 and **p  <  0.01. (c) Representative photographs of 
the microorganisms. (d) Live/dead assay of P. aeruginosa biofilms treated with MMP-IS NPs and MMP-S NPs at a dosage of 30 μM Ce6 (660 nm light and 500 mW/cm2 

power) with 4 min of irradiation time. Bacteria were stained with SYTO 9 (green), and dead bacteria were stained with PI (red). The scale bar is 30 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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aeruginosa infections with severe suppuration and dense opacity almost 
fully covering the cornea after 12 h post-infection and maintained a 
high total clinical score without significant differences. For the CTRL 
group, the P. aeruginosa-infected corneas continued to display severe 
ulcers in the 7 days following infection. After topical administration of 
MMP-IS NPs upon light irradiation (the MMP-IS NPs + light group), 

infected cornea symptoms barely improved with a total clinical score of 
9 because the MMP-IS NPs lacked a targeting ability due to the 
shielding of the uncleavable EEEEEE peptide shell; therefore, the pho
todynamic antibacterial effect was restricted. Meanwhile, MMP-S NPs 
without light irradiation (the MMP-S NPs group) had a minimal positive 
effect on keratitis, similar to the MMP-IS NPs + light group, with a total 

Fig. 5. Time-course in vivo therapeutic efficacy of the CTRL (sterilized saline), MMP-IS NPs + light (MMP-IS NPs upon light irradiation), MMP-S NPs (MMP-S NPs 
without light irradiation), MMP-S NPs + light (MMP-S NPs upon light irradiation), and LVFX groups in mouse corneas with experimental P. aeruginosa-infected 
keratitis (660 nm light and 250 mW/cm2 power for 5 min). (a) Representative slit-lamp micrograph images of P. aeruginosa-infected keratitis treated with diverse 
therapies. (b) Corresponding quantified clinical score (0 to 12) based on three criteria (area of corneal opacity, density of opacity, and surface regularity). (c) 
Quantification of surviving P. aeruginosa in infected corneas. ns: no significance; *p  <  0.05 and **p  <  0.01 vs. the MMP-S NPs + light group. (d) Photographs of 
bacterial colonies formed on LB-agar plates from the corneal tissues. Histopathologic and immunohistochemical photographs of rabbit corneas at day 7 after staining 
with H&E (e), IL-1β (f), and TNF-α (g).The scale bar is 100 μm. 

Fig. 6. Toxicity assessments. (a) Change in mouse body weight after diverse treatments. (b-j) Blood routine examination. WBC, white blood cell; NEUT, neutrophil; 
LYMPH, lymphocyte; MONO, monocyte; EOS, eosinophil; RBC, red blood cell; HGB, hemoglobin; HCT, hematocrit; PLT, platelet. (k-o) Blood biochemistry of the liver 
and kidneys. ALT, alanine transferase; AST, aspartate transferase; ALP, alkaline phosphatase; BUN, blood urea nitrogen; CREAT, creatinine. (p) Toxicological study 
via histological analysis of H&E staining of major organs, including the liver, spleen, and kidneys after different treatments at day 30 post-treatment. The scale bar is 
100 μm in all of the microscopy images. (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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clinical score of 8. However, after topical administration of MMP-S NPs 
upon light irradiation (the MMP-S NPs + light group), the corneas 
markedly became clear and transparent, and the total clinical score 
decreased dramatically to 1 at day 7 post-infection, resulting in a sta
tistical difference compared to the other two groups. The notably im
proved therapeutic effect of PDT may be attributed to the MMP-re
sponsive enhanced penetration and retention of MMP-S NPs into 
biofilms of cornea. The shielding EEEEEE peptide layer on MMP-S NPs 
was removed by overexpressed MMP-9 in biofilms, leading to the ex
posure of cationic peptides and subsequent penetration into biofilms 
and adhesion to the bacteria. Enhanced activity against P. aeruginosa 
was achieved as a result of the reduced distance between generated 
ROS and bacteria. It was also noteworthy that the LVFX group exhibited 
comparable therapeutic efficacy to the MMP-S NPs + light group, but 
the susceptibility of P. aeruginosa keratitis to antibiotics will be gra
dually decreasing in practice [5]. In addition, the host response to P. 
aeruginosa infection was studied by quantifying the number of surviving 
bacteria from the corneal tissues cultured on MSA plates overnight. 
Almost no colony formation was found in the MMP-S NPs + light and 
LVFX groups compared to the MMP-IS NPs + light and MMP-S NPs 
groups (Fig. 5c and d), further reflecting the superior antibacterial ac
tivity of the MMP-S NPs + light against P. aeruginosa corneal infection. 

Furthermore, histological and immunohistochemical analyses of the 
infected corneas were performed after therapy (Fig. 5e, f and g). As is 
known, bacterial infections will cause stromal edema, infiltration of a 
large number of inflammatory cells (such as neutrophils), and dis
organization of collagen fibrils. In the CTRL group, abnormal corneal 
architecture with heavy infiltration of inflammatory cells was observed 
in the P. aeruginosa-infected corneas. The inflammatory mediators, IL- 
1β and TNF-α, were also highly expressed in the corneas. Furthermore, 
many infiltrated inflammatory cells were observed in the MMP-IS 
NPs + light and MMP-S NPs treated groups with a slight improvement 
compared to the CTRL group. In contrast, there were very few in
filtrated inflammatory cells with limited expressions of IL-1β and TNF-α 
in both the MMP-S NPs + light and LVFX treated groups. Moreover, the 
structure of the cornea was essentially restored to normal, the fibrous 
stromal layer was neatly arranged, and the three layers were clearly 
visible. Our findings suggested that MMP-S NPs under light irradiation 
had a similar therapeutic effect to commercial LVFX drops. 

3.8. Toxicity assessments 

Since the biocompatibility of the agents had an enormous impact on 
their potential clinical translation, a series of toxicity assessments, in
cluding mouse body weight, blood examinations, and histological 
analysis of major organs, were performed in this study. As shown in  
Fig. 6a, body weights of the mice in each group remained stable 
throughout the entire treatment process. Moreover, after topical ocular 
therapy, blood examination results, including blood index (WBC, 
NEUT, LYMPH, MONO, EOS, RBC, HGB, HCT, and PLT) and blood 
biochemistry of the liver and kidneys (ALT, AST, ALP, BUN, and 
CREAT), were normal (Fig. 6b-o). Furthermore, the long-term toxicity 
of supramolecular nanoparticles on major organs was studied by his
tological analysis. As displayed in Fig. 6p, no histopathological ab
normalities or lesions in the liver, spleen, or kidneys were found at 
30 days post-treatment. All of these toxicity assays verified the high 
biocompatibility of supramolecular nanoparticles, suggesting that they 
have great potential for future clinical application. 

4. Conclusions 

In summary, supramolecular nanoparticles MMP-S NPs with MMP-9 
activated targeting ability were successfully prepared through host- 
guest interactions for efficient PDT against P. aeruginosa in biofilms. 
MMP-S NPs with EEEEEE peptide shell had a negatively charged sur
face, protecting themselves from adhesion to the normal ocular surface 

or healthy corneal cells and thus enhancing tear retention time. After 
arriving at the infected sites, the EEEEEE peptide shell of MMP-S NPs 
was removed by cutting off enzyme-cleavable GPLGVRG peptides, 
which was triggered by overexpressed MMP-9. The subsequently ex
posed positively charged peptides were then ready to penetrate and 
accumulate in the biofilms, as well as adhere to P. aeruginosa, which 
eventually improved antibacterial efficacy of PDT. Furthermore, P. 
aeruginosa keratitis models verified the high effectiveness of a topical 
eye drop formulation of MMP-S NPs in killing bacteria by destroying 
the bacterial membrane as a result of in situ photodynamic activation of 
ROS upon light irradiation. Moreover, the corneal inflammatory re
sponse was greatly inhibited. As a result, further damage to the corneal 
tissue was completely suppressed. In this study, we provide a viable 
antibacterial alternative that can target the biofilm microenvironment 
to improve photodynamic antibacterial performance for the treatment 
of bacterial keratitis. 
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