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Bacterial keratitis is the most common corneal infection which may lead to blindness, and seriously threatened
the human visual health worldwide. Clinical treatment with antibiotic eye drops formulation usually falls in low
bioavailability and poor therapeutic efficiency. Hydrogel has gained much attention as ophthalmic formulation
recently due to the prolonged drug retention on ocular surface. In this study, we proposed a type of all-small-
molecule supramolecular hydrogel assembled from guanosine-5'-monophosphate disodium salt and tobramy-
cin for the treatment of bacterial keratitis. Guanosine-5-monophosphate disodium salt assembled into
guanosine-quartet nanofibers via hydrogen bonding and n-n stacking, and tobramycin with five primary amine
groups further crosslinked the nanofibers bearing multiple phosphate moieties into gel networks via ionic in-
teractions. The supramolecular gel showed shear thinning and thixotropic properties, good biocompatibility, and
antibacterial activity. The gel treatment significantly ameliorated P. aeruginosa induced bacterial keratitis, and
showed higher therapeutic efficacy compared to tobramycin eye drop. This study provides a facile and efficient
antibiotic gel formulation for clinical treatment of bacterial keratitis.

Topical administration of broad-spectrum antibiotics is the main
clinical option for treatment of bacterial keratitis. However, conven-

1. Introduction

Corneal ulcer is the major cause of visual disability and monocular
blindness in lots of the developing countries, ranking second only to
cataract [1]. Infectious keratitis caused by bacteria, fungi, virus or para-
sites is the leading cause of corneal ulcer in clinics, among them, bacterial
keratitis showed the highest incidence [2,3]. Lots of daily life incidences
including ocular trauma, use of contact lens, ocular surgery and systemic
diseases may increase the bacterial infection risk [4]. Once infected, the
patients may suffer from acute eye pain, light-sensitivity, decreased visual
function, and may cause corneal ulcer perforation if not treated in time,
even result in intraocular infection and blindness finally [5,6].
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tional ophthalmic administrations (e.g., eye drops and suspensions) are
usually suffered from poor bioavailability due to the specific structure
and physiological characteristics of eyes (such as low retention time on
ocular surface, tear dilution, and nasolacrimal drainage) [4]. Increasing
the administration frequency may also bring higher risk of developing
bacteria resistance, cumulative systemic side effects and reduced patient
compliance [7,8]. To enhance the ocular retention of ophthalmic drugs,
various strategies including viscous polymer solutions, adhesive mi-
croparticles [5,9-13], and hydrogels [14-16] have been proposed.
Among them, hydrogels attracted the most attentions as increasing
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Bacteria infection

Fig. 1. (a) Illustration of GT Gel formation via electrostatic interactions between GMP-based G-quadruplex and tobramycin. (b) Preparation of GT Gel by a heating

and cooling down process. (c) GT Gel for the treatment of bacterial keratitis.

retention time on ocular surface, high moisturizing, and good compat-
ibility [17-25], and the retention time can be extended by almost three
times when the formulation was changed from solution to hydrogel [14,
22]. Traditional ophthalmic gel is prepared by encapsulation of anti-
biotic drugs via viscous polymer matrix such as Carbomer [26], or
thermo-sensitive polymers such as Pluronic F127 [27]. These
non-degradable polymers may cause irritation to the eye tissues [28].

Supramolecular hydrogel assembled from natural small molecules
via non-covalent interactions showed great promising in drug delivery
systems [29,30]. Their excellent rheological properties including shear
thinning and thixotropic property allowed the specific applications
including injectable and sprayable formulations [31,32]. These supra-
molecular gels do not require the pre-synthesis of polymeric scaffolds,
and the naturally occurring small-molecule components usually ensured
good biocompatibility and biodegradability [21,33,34]. Guanosi-
ne-5-monophosphate, the basic component of RNA, are well-known to
form guanosine-quartets (G-quartets) with alkali metal ions via
hydrogen bonding and coordination, and further assembled into
G-quadruplexes nanofibers through n-x stacking [18,35,36]. Noted that
there are multiple negative charged phosphates along the assembled
nanofibers [37], we proposed a supramolecular hydrogel fabricated via
the electrostatic interactions between guanosine 5-monophosphate
disodium salt (GMP) and tobramycin (TOB), which is the first-line
antibacterial drug in the clinical treatment of bacterial keratitis. TOB
is a kind of aminoglycoside antibiotic bearing multiple primary amine
groups in the structure [28,38-41], the electrostatic interaction between
the primary amine groups of TOB and negatively charged phosphates on
assembled GMP nanofibers will facilitate the formation of a supramo-
lecular GMP/TOB gel (GT Gel). The possibility of GT Gel in the treat-
ment of P. aeruginosa induced bacterial keratitis was investigated
(Fig. 1).

2. Materials and methods
2.1. Material

GMP and TOB were purchased from Macklin Biochem. (Shanghai,
China). Hydrochloric acid (HCl) was obtained from Sinopharm Chem.
(Shanghai, China). Live/dead Baclight™ Bacterial Viability Kits
(L13152) was obtained from Thermo Fisher (Carlsbad, USA). Acridine
orange (AO)- Ethidium bromide (EB) staining kit and a grinder were
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obtained from TIANGEN (Beijing, China). 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) was obtained from Sangon
Biotech (Shanghai, China). The Mouse myeloperoxidase (MPO) kit was
obtained from Multi Sciences (Hangzhou, China). The RNA extraction
kit (EZB-RN4), the Reverse Transcription kit ((AO010CGQ) and Quanti
Nova SYBR Green kit (A0012-R2) were obtained from EZBioscience
(Beijing, China). P. aeruginosa was obtained from ATCC. Hematoxylin-
eosin (H&E) staining reagent and TdT-mediated dUTP biotin nick end
labeling (TUNEL) assay (In Situ Cell Death Detection Kit) were obtained
from Sigma-Aldrich (USA).

2.2. Preparation and characterization of GT Gel

GMP solution was mixed with TOB solution at different molar ratios
at pH 5.0, and the mixture was heated at 90 °C for 3 min, and then
cooled down to obtain the GT Gel at room temperature. For a typical GT
Gel (30 mM GMP, 3 mM TOB), the gel was diluted with deionized water
to a final GMP concentration of 50 pM, and characterized by trans-
mission electron microscope (TEM). Generally, 1 pL of the sample was
droped onto the copper grid and dried overnight, and captured by a
Hitachi microscope (HT7700, Hitachi, Japan) with an acceleration
voltage of 100 kV. For atomic force microscope (AFM) characterization,
10 pL of the sample was added onto the silicon chip and naturally dried
before measurement (Veeco Dimension 3100, Bruker). For circular di-
chroism (CD), the sample was loaded in a quartz cell, and the scans were
set from 190 to 400 nm (CD, J-815, Jasco International). For rheological
measurement, the GT Gel (30 mM GMP, 3 mM TOB) were characterized
by a TA rheometer (Discovery HR-3, TA Instrument, USA) at 25 °C, the
strain and angular frequency were fixed as 2% and 10 rad/s, respec-
tively. The angular frequency-dependent modulus was measured at a
frequency ranged from 0.628 rad/s to 628 rad/s at a sustained strain of
2%. Thixotropic property of GT Gel was studied at a sustained angular
frequency of 10 rad/s with an alternative strain of 2% and 100%. The
recovery and destruction processes were recorded for 3 cycles.

2.3. Gel degradation and drug release

1 mL GT Gels were immersed in 3 mL phosphate buffered saline
(PBS, pH 7.4) at room temperature. The supernatant solutions were
collected at scheduled time for further analysis, and the residual gel was
weighted. After that, 3 mL fresh PBS solution was added into the gels.
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The concentration of TOB in the collected solution was evaluated by a
well-established ninhydrin assay. Three repeats were performed for each
sample.

2.4. Antibacterial assay

Fresh P. aeruginosa was cultured by inoculating a single colony from
Luria-Bertani (LB) plate and then added in 5 mL sterile LB medium at 37
°C. The counts of bacteria were assessed by the optical density of the
bacterial solution at 600 nm using a microplate reader (Thermo Fisher,
Multiskan GO). For the in vitro antibacterial assay, 20 uL GT Gels (30 mM
GMP, 3 mM TOB) were formed in a 96-well plate. The bacteria solution
(108 CFU/mL, 100 pL) was added into the wells containing GT Gel, PBS,
GMP only, and TOB only, respectively (GMP and TOB concentrations
were equal to those in the GT Gel). After incubated at 37 °C for 24 h, the
survival bacteria were determined by counting the number of colonies.
Three repeats were performed for each sample.

The antibacterial activity of the GT Gel was also evaluated using a
Live/dead Baclight™ Bacterial Viability Kit (L13152). After treatment,
the bacteria were stained by 30 pM propidium iodide and 6 pM SYTO 9
for 10 min in the dark. Then, 10 pL of the sample was added onto a glass
slide and captured by a fluorescence microscope (Olympus HT7700,
Japan).

2.5. Biocompatibility assay in vitro

Human corneal epithelial cells (HCEC) kindly provided by Prof. Wei-
yun Shi (Shandong Eye Institute, Jinan, China) were used to assess the
cytotoxicity of GT Gel. The cells were seeded in a 96-well plate and
cultured with DMEM containing 10% fetal bovine serum (FBS, Gemini)
at 37 °C, and incubated under a humidified 5% CO». GMP was dissolved
in DMEM at different concentrations, and 100 pL of the solutions were
added in each well. Another 24 h later, the cell viability was determined
using a standard MTT assay. Five repeats were performed for each
sample.

For AO/EB double staining assay, HCEC were cultured in DMEM
(10% FBS, 1% streptomycin/penicillin) in 24-well plates at 37 °C. After
reaching a cell density of 2 x 10° per well, the culture media were
replaced with 400 pL fresh DMEM, and 100 pL of the GT Gel was added
into each well. After 24 h, the culture media was removed and the cells
were stained with 150 pL AO and EB dye solutions for 5 min in dark. The
stained HCEC were observed by a fluorescence microscope (Olympus,
Japan).

2.6. Animals

All experimental animal procedures comply with the Association for
Research Vision and Ophthalmology Statement about the use of animals.
Experiments were approved by the Animal Care and Used Committee of
Shanghai Medical College, Fudan University (Animal Ethics Number:
IRB-EENT-170607). Wild-type C57 BL/6 mice (8 weeks, male) were
obtained from Shanghai SLAC Laboratory Animal Co, Ltd. Mice were
raised in a standard environment under 12 h-12 h light-dark cycle.

2.7. Biocompatibility assay in vivo

For in vivo biocompatibility assay, eight healthy wild-type C57 BL/6
mice (8 weeks, male) were used to evaluate the biocompatibility of GT
Gel in vivo. Mice were divided into four groups with 2 mice every group
randomly: PBS, GMP, TOB, and GT Gel. 5 pL GT Gel (30 mM GMP, 3 mM
TOB), GMP (30 mM), TOB (3 mM), and PBS, respectively were applied
on the cornea of each mouse. The treatments were applied once a day
with a total of 5 days. After the treatment, the corneas of mice were
collected for H&E staining and TUNEL assay, respectively.
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Table 1
Primer sequences used for Real-Time PCR.

Primers Forward (5'-3') Reverse(5'-3')

mGAPDH  CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG
mlIL-6 GTGGCTAAGGACCAAGACCA TAACGCACTAGGTTTGCCGA
mTNF-a GCCACCACGCTCTTCTGTCT TGAGGGTCTGGGCCATAGAAC
mIL-18 TGCCACCTTTTGACAGTGATG AAGGTCCACGGGAAAGACAC

2.8. P. aeruginosa induced bacterial keratitis model

The mice were anesthetized via intraperitoneal injection of xylazine
(8 mg/kg) and ketamine (80 mg/kg). The whole corneal epithelium was
scraped and three superficial stromal incisions were made with a micro
scalpel. P. aeruginosa (1 x 108 CFU/mL, 5 pL) was then used to infect the
wounded cornea. A little pus and edema were observed after the cornea
8 h post infection, indicating the P. aeruginosa keratitis model was suc-
cessfully established. The keratitis mice were randomly divided into four
groups (PBS, GMP, TOB, and GT gel) with 5 mice in each group.

2.9. Therapeutic experiments on P. aeruginosa induced bacterial keratitis

5 pL GT Gel (30 mM GMP, 3 mM TOB), GMP (30 mM), TOB (3 mM)
and PBS were applied on the infected cornea of each mouse. The
treatments were continued once a day for a total of 5 days. For clinical
scoring, the severity of P. aeruginosa induced bacterial keratitis was
examined daily up to 5 days post infection with a slit lamp microscope
(Topcon, Tokyo, Japan) and scored as follows: a grade of 0-4 was
individually assigned to criteria including area of opacity, density of
opacity, and surface regularity. Briefly, a transparent and clarified
cornea was assessed with O in each criterion. The total of clinical score
ranged from O to 12.

For bacterial load determination, the cornea tissues were excised
after the mice were sacrificed and placed in 200 pL PBS. The tissues were
then homogenized with a grinder. 100 pL of the original homogenate
was confected into serial log dilutions with PBS for bacterial loading
assessment. 50 pL of serial log dilutions were inoculated onto isolation
agar plates in triplicates for 24 h at 37 °C to count P. aeruginosa colonies.
The remaining 100 pL. homogenate was centrifuged to obtain superna-
tant for myeloperoxidase (MPO) assay using a mouse MPO kit as the
manufacturer’s instructions.

For quantitative real-time PCR, the total RNA of mice corneas was
extracted using the RNA extraction kit. The first strand ¢cDNA was
reverse transcribed with the Reverse Transcription kit. Quantitative
real-time PCR was examined using primer sequences (Table 1) and
QuantiNova SYBR Green kit following the manufacturer’s instructions.
Data were processed using the comparative Ct method. GAPDH was used
as an internal control.

For TUNEL assay, the frozen mice cornea sections were fixed in 4%
paraformaldehyde at 4 °C for 25 min, followed by PBS washing for three
times. After permeated in 0.2% Triton X-100 for 15min at room tem-
perature, the tissues were stained with pre-mixed terminal deoxy-
nucleotidyl transferase solution containing label solution (TMR-dUTP)
in the dark at 37 °C for 1 h. The nuclei were then stained with DAPI.
Images were observed and captured using a fluorescence microscope
(TSE SPE; Leica Microsystems, Wetzlar, Germany). For H&E staining,
the harvested tissues were fixed in formalin, followed by paraffin
embedding, sectioned, and H&E staining to evaluate the level of in-
flammatory infiltrates.

3. Results and discussion

Transparent GT hydrogels were formed when the mixture of GMP
and TOB solutions at proper GMP/TOB ratios were heated and cooled
down to room temperature. According to the phase diagram in Fig. 2a,
GMP at 30 mM formed hydrogels with TOB at a wide range of TOB
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GT Gel

Fig. 4. (a) Cytotoxicity of GMP on HCEC tested by MTT assay. (b) AO/EB staining of HCEC treated with GT Gel. Scale, 100 pm. (c) The H&E and TUNEL staining
images of the cornea treated with PBS, GMP, TOB and GT Gel, respectively. Scale, 50 pm.

concentrations (0.5-30 mM). When decreasing the GMP concentrations,
higher TOB concentrations are required to prepare the gel. This is
because TOB molecule bearing five primary amine groups acted as a
crosslinking ligand between the negatively charged GMP nanofibers via
electrostatic interactions in the gel system. Higher concentrations of
both GMP and TOB indicate more efficient crosslinking density in the
gel. It is worth noting that GMP itself failed to form hydrogels at the
investigated concentrations (10-30 mM). We further characterized a
typical GT hydrogel consisting of 30 mM GMP and 3 mM TOB. Both TEM
and AFM results revealed that crosslinked nanofibrous structures are
observed in the gel network (Fig. 2b—c), which is due to the supramo-
lecular assembly of GMP molecules into nanofibers via hydrogel
bonding and n-r stacking, and the crosslinking of GMP fibers by TOB via
ionic interactions. CD spectrum suggested that the presence of TOB does
not change the original structure of assembled GMP nanofibers (Fig. 2d),
which performed a head-to-tail signature of the guanosine quartets [42].
Moreover, the rheological results suggested that the GT Gel is shear
thinning and thixotropic (Fig. 2e-f), which allow the gel to become less
viscous and spread along the ocular surface when encountering shear
forces, such as blinking.

We further investigated the gel degradation and drug release of GT
Gels consisting of 30 mM GMP and 1-10 mM TOB. As shown in Fig. 3a,
the GT Gels were gradually degraded within 25 h, and a slower gel
degradation was observed for GT Gels with higher TOB concentrations.
Similarly, GT Gels with higher TOB concentrations showed slower TOB
release rate (Fig. 3b). This is due to higher crosslinking density in the gel
network at higher TOB concentrations. With increasing the TOB

concentration, the gel appearance changed from transparent (3 mM
TOB) to non-transparent (10 mM TOB). Considering that transparency is
an important parameter for ophthalmic gels, GT Gel containing 30 mM
GMP and 3 mM TOB was used for later studies. The GT Gel maintained
the high antibacterial activity of TOB against P. aeruginosa (Fig. 3c and
d). The biocompatibility of GT Gel in vitro and in vivo was further eval-
uated. As shown in Fig. 4a, GMP at concentrations up to 400 pg/mL
showed minimal toxicity on HCEC. Besides GMP, GT Gels showed low
toxicity on HCEC as revealed by AO/EB staining assay (Fig. 4b). To
evaluate the biocompatibility of GMP and GT Gel in vivo, the samples
were administrated on the cornea of healthy mouse every day with a
total of 5 days. After treatment, no obvious inflammation and apoptosis
in the cornea tissues were observed according to the H&E staining and
TUNEL assay (Fig. 4c).

We finally evaluated the therapeutic efficacy of GT Gels on
P. aeruginosa induced bacterial keratitis (Fig. 5a). P. aeruginosa is the
most common devastating corneal pathogen, and it may result in severe
ulcerative keratitis and worse visual outcome. As shown in Fig. 5b,
nearly all the infected mice treated with PBS and GMP were observed
with opaque cornea at day 3 after infection, and obvious neo-
vascularization as well as melting ulceration at day 5. The severe
symptoms of keratitis were significantly alleviated at day 1 and day 3
when the mice were treated with TOB eye drop and GT Gel. However,
obvious opacity was observed on the cornea of mice treated with free
TOB eye drop at day 5, while GT Gel treated cornea still showed
transparent appearance. The clinical scores of GT Gel treated mice were
also lower than those of mice treated with PBS, GMP and TOB at day 5
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TOB

cornea showed lower MPO levels than the control groups, indicating
reduced neutrophil infiltration in the infected cornea after GT Gel
treatment (Fig. 5e). The higher therapeutic efficacy of GT Gel than TOB
eye drop should be attributed to sustained TOB release from the gel on

(Fig. 5¢). Besides, the colony forming units of P. aeruginosa in GT Gel
treated cornea was three orders of magnitudes lower than those in PBS-
and GMP- treated ones, and one order of magnitude lower than that in
the TOB eye drop treated ones (Fig. 5d). In addition, the GT Gel treated
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ocular surface.

It is known that P. aeruginosa may initiate the host innate response by
recruiting macrophages and other immune cells to the infection site, and
the immune cells could produce pro-inflammatory cytokines such as
interleukin-6 (IL-6), IL-1p and tumor necrosis factor-a (TNF-a) to elim-
inate the bacteria. However, overexpression of inflammatory cytokines
may trigger inflammatory cascade which could lead to tissue melting
and decreased cornea transparency. We also investigated the level of
innate immune response genes and inflammatory infiltration in the
treated cornea. As shown in Fig. 6a—c, the pro-inflammatory cytokines
including IL-1p, IL-6 and TNF-a were significantly suppressed after GT
Gel treatment. The inflammatory infiltration and corneal collagenous
fiber edema were also significantly reduced as revealed by H&E staining
results (Fig. 6d). All these results suggest that the GT Gel is more effi-
cient than TOB eye drop with equal drug concentration, which is an
effective and biocompatible antibiotic formulation for the treatment of
bacterial keratitis.

4. Conclusions

In summary, we proposed a facile strategy to prepare supramolecular
gels consisting of all-small-molecule natural building blocks. The
hydrogel is formed by ionic interactions between antibiotic drug TOB
and GMP-based G-quartet nanofibers. The prepared gel showed good
transparency, thixotropic property, biocompatibility, sustained drug
release, and therapeutic efficacy on the P. aeruginosa induced bacterial
keratitis. The results provide a promising gel candidate for clinical
treatment of bacterial keratitis.
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