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Purpose: Efficacy of norvancomycin (NVCM) through continuous topical ocular instillation 
drug delivery (CTOIDD) system for treating severe acute bacterial keratitis infection with 
Staphylococcus aureus was investigated.
Methods: Rabbits with bacterial keratitis were treated using CTOIDD with NVCM (n=13), 
topical NVCM eye drops (n=11), and CTOIDD with saline (n=8). Clinical signs of keratitis 
in all groups were assessed consecutively for a week. Bacterial quantification of excised 
corneas was counted on the fourth and eighth days. Histopathologic examinations were 
performed to assess inflammatory cell infiltration on the eighth day.
Results: All signs of bacterial keratitis were alleviated in CTOIDD with NVCM according 
to criteria, and the CTOIDD-NVCM group had significantly less inflammation than 
CTOIDD-saline (p<0.05), and eye drop-NVCM (p<0.05). Two eyes in the eye drop- 
NVCM group, four eyes in the CTOIDD-saline group had corneal perforation (CP), while 
none of the rabbits showed CP in the CTOIDD-NVCM group. Bacterial counts were 
significantly less in the CTOIDD with NVCM group in comparison to the eye drop- 
NVCM (p<0.05), and CTOIDD-saline (p<0.05) groups. Severe inflammation and marked 
inflammatory cell infiltration were found in histopathologic examinations in the CTOIDD- 
saline and eye drop-NVCM groups, while significantly less inflammation was documented in 
the CTOIDD-NVCM (p<0.05) group.
Conclusion: CTOIDD with NVCM effectively reduced the severity and treated acute bacterial 
S. aureus keratitis infection in a rabbit model. The presented approach of CTOIDD with NVCM 
appears to be a promising therapeutic approach for severe acute bacterial keratitis.
Keywords: severe acute bacterial keratitis, continuous topical instillation, eye drop, 
norvancomycin, rabbit eyes

Introduction
Microbial keratitis is a potentially sight-threatening emergency of corneal infection 
caused by bacterial, fungi, virus, or amoeba. Global estimates of microbial keratitis as a 
cause of monocular blindness ranges from 1.5 to 2 million new cases per year.1 In 
China, corneal ulceration is the most common cause of corneal blindness according to a 
nationwide survey.2 Bacterial keratitis is the most prevalent type with sequelae includ-
ing corneal scarring, permanent visual impairment, and vision loss. While in the past 
bacterial keratitis infections are due to ocular trauma and poor sanitary conditions; in 
recent times the use of contact lenses and refractive surgeries has increased the 
incidence of bacteria keratitis especially methicillin-resistance Staphylococcus aureus 
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keratitis.3,4 Although some studies investigated the effective-
ness of natural molecules such as essential oils (EOs) in 
treating multidrug resistance in pathogens, the results are 
primarily at the laboratory stage.5–9 Delayed treatment in 
severe bacterial ulcerative keratitis may result in corneal 
perforation, development of endophthalmitis, and loss of 
the eye.10–12 In addition, prompt and effective treatment of 
progressive keratitis requires aggressive antimicrobial 
therapy.13

Topical antibiotics remain the first-line treatment for 
bacterial keratitis.14 Regular dose intervals of eye drop 
(four times per day) are not effective against severe acute 
infections because of the poor residue of the drug on the 
ocular surface due to high tear turnover, rapid nasolacrimal 
drainage, and limited corneal permeability.15,16 Therefore, 
fortified eye drops are the method of choice for treating 
severe cases.13 However, due to the aforementioned short-
comings, the use of topical fortified antibiotic eye drops can 
in instances become limited and impractical in rural areas 
especially in developing countries, and lead to low patient 
compliance and increase health-care expense as the loading 
dose can range from every 5 to 15 min followed by hourly 
instillation of topical fortified antibiotic eye drops.10

The continuous topical ocular instillation drug delivery 
(CTOIDD) system comprises a ring part of cribriform 
polyvinyl chloride tube and an attached drug pump. This 
device is characterized by automatic, controllable, and 
continuous instillation of drug solution to the ocular 
surface.17 Norvancomycin (NVCM) is one of the glyco-
peptide antimicrobial agents, has similar antibacterial char-
acteristics to vancomycin, and is an inexpensive 
alternative to vancomycin.18–21

Various publications have demonstrated enhanced ocu-
lar drug delivery utilizing methods, such as liposomes, 
nanoparticles, contact lenses, microneedles, and an ionto-
phoresis technique. However, their limiting factors are 
lower total drug dose, uncontrollable drug delivery, mate-
rial biodegradation, and their adverse events have not been 
assessed.22–27

The effective treatment of bacterial keratitis strongly 
depends on achieving adequate amounts of antibiotics to 
the cornea for a sufficient duration of time to control the 
progression of severe acute infection. In our previous phar-
macokinetic study, we reported that the CTOIDD system 
provided higher concentrations of NVCM in nondiseased 
ocular tissues of rabbits compared to hourly administration 
of eye drops.17 Thus, this study was designed to investigate 

the efficacy of NVCM through CTOIDD for treating severe 
acute bacterial keratitis infection with S. aureus in rabbits.

Materials and Methods
Animals
New Zealand White female rabbits (age, 6–8 weeks; 
weight, 2.5–3.0 kg) were obtained from the Department 
of Laboratory Animals, Central South University. The 
study conformed to the National Institutes of Health 
guide for the care and use of laboratory animals and was 
performed in accordance with the Guidelines of the 
Animal Ethics Committee of the Central South 
University (approval no. 2019sydw0045).

Strains
S. aureus (ATCC 25923) was provided by the Department of 
Microbiology, Central South University, Changsha, China.

Bacterial Cultures
S. aureus was cultured on agar plates and stored at 4°C for 
use. Several colonies of this S. aureus strain were inocu-
lated into 10 mL lysogeny broth medium and incubated at 
37°C for 24 h for amplification. We used a spectrophot-
ometer to measure the concentration and adjusted at 1×108 

CFU/mL before use.

Induction of Bacterial Keratitis
A rabbit model with bacterial keratitis was established. 
All the healthy rabbits with no ocular disease verified 
through full examination were used for the study. Each 
New Zealand White rabbit was anesthetized with an 
intramuscular injection of xylazine hydrochloride (2 
mL: 0.2 g, Huamu Animal Health Products Co., Jilin, 
China; 0.1 mL-0.2 mL/kg) before surgical procedures. 
Left eyes were chosen as experimental eyes and topically 
anesthetized using proparacaine hydrochloride eye drops 
(15 mL: 75 mg, s.a. Alcon-Couvreur NV, Belgium), three 
times at three-minute intervals. Fifty microliters of S. 
aureus with a concentration of 1×108 CFU/mL was 
injected directly into the corneal stroma with a 30G 
needle in a 1 mL gas-tight syringe when the eye was 
held steady with forceps.

Examination, Scoring of Rabbit Eyes, and 
Grouping
Eyes were examined using a slit-lamp microscope (SL-D7, 
Topcon Corp., Tokyo, Japan) after 24 h of S. aureus injection 
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under anesthesia. The eyes were observed and rated follow-
ing the criteria used by Wei et al which included four clinical 
parameters: (1) discharge, (2) conjunctiva hyperemia/edema, 
(3) hypopyon and (4) cornea infiltration edema.28 Each para-
meter was given a grade of 0 (normal) to 4 (maximally 
severe), and 5, if (corneal perforation was observed). The 
clinical scores of bacterial keratitis grading methodology are 
illustrated in Table 1. The final scores for each eye were 
averaged after two trained blinded ophthalmologist observers 
graded(Dr Wenxiang Lin and Dr Libei Zhao). Rabbit eyes 
having the corneal score ≥3 points and <5 points were chosen 
as successful keratitis model. S. aureus was again cultured 
from ulcers and discharges of the chosen rabbit eyes in order 
to verify and establish that the active infection was due to S. 
aureus. The rabbits with established keratitis model were 
randomly divided into three groups: CTOIDD-NVCM 
(n=13), eyedrop-NVCM (n=11), and CTOIDD-saline (n=8). 
All rabbits in different groups were sacrificed at different 
times for histopathological examination and bacteria count of 
corneas (Figure 1).

Preparation of CTOIDD
The CTOIDD consists of two parts, a drug delivery 
ring, and an automatic pump (BYZ-810T, Biyang Corp, 
Changsha, China). The ring part was made of a sterile 
polyvinyl chloride tube ring with 10 poles (0.3 mm 
diameter) in a semicircle each. The proximate end 
was closed, and the distal end connected with an 
auto-infusion pump.17 General and topical anesthesia 
were the same as described in the “Induction of bacter-
ial keratitis” subsection. The ring part was sutured to 
be fixed in the bulbar conjunctiva around the limbus 
(Figure 2).

Antibacterial Regimen
NVCM solution loaded in the CTOIDD was delivered at a rate 
of 2 mL/h from the pump through the poles to the ocular 
surface for six hours every day in the CTOIDD-NVCM 
group. The six-hour delivery was kept at one time every day. 
The NVCM solution was observed to be distributed continu-
ously on the ocular surface. In the eye drop-NVCM group, 
NVCM solution was prepared and administrated one drop 
every two hours, six times every day. NVCM hydrochloride 
solution (50 mg/mL) was freshly prepared. Norvancomycin 
hydrochloride (Huabei pharmaceutical Co., Ltd, China), 400 
mg was mixed with 8 mL normal saline and used within two 
days. CTOIDD with normal saline loaded was applied in the 
CTOIDD-saline group. All rabbits were kept in individual 
cages with food and water during drug administration. 
Treatment was initiated 24 h after the corneal infection in the 
rabbits and lasted for a week. CTOIDD device would be 
removed after drug delivery finished every day.

Evaluation of Treatment
Slit-Lamp Photography
The left eyes of each of the rabbits were observed every day 
using a slit lamp (SL-D7, Topcon Corp., Tokyo, Japan). 
Photographs were taken and two blinded observers (Dr 
Wenxiang Lin and Dr Libei Zhao) gave scores according to 
the rating standard as mentioned in Table 1 on the second, 
fourth, and eighth days.

Anterior Segment Optical Coherence Tomography 
(AS-OCT)
Rabbits underwent the AS-OCT (Phoenix MICRON™, 
Phoenix Technology Group, LLC, Pleasanton, CA, USA) 
scans to observe the perpendicular view of the cornea after 
treatment.

Table 1 Clinical Score Standard of Keratitis Infected with S. aureus

Score 0 1 2 3 4

Discharge No Small amount Medium amount Large amount Upper and lower eyelid adhesion

Conjunctiva 
(hyperemia/ 

edema)

No Slight Mild Moderate Severe

Hypopyon No <1/4 of anterior chamber 1/4-1/2 1/2-3/4 >3/4

Cornea 
(infiltration/ 

edema)

No Transparent cornea, slight 
edema, scattered 

punctuate infiltrates, 

clearly visible iris texture

Moderate corneal opacity, 
infiltration area up to 1/4–1/ 

2 of the entire cornea, still 

visible iris texture

Severe corneal opacity, 
corneal infiltrates up to 1/ 

2–3/4 of the entire cornea, 

faint iris texture

Infiltration area >3/4 of the 
entire cornea, gray white opacity, 

invisible iris and pupil; 5 points: 

Corneal perforation
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Quantification of Bacterial Colony-forming Unit
The rabbits were euthanized with an intravenous 3 mL 
lidocaine and 3 mL air intravenously. On the fourth and 

eighth days, rabbit corneas were harvested by trephination, 
homogenized, and diluted serially in sterile PBS followed 
by fine homogenization. The homogenates were then pla-
ted in Baird-Parker plates (Comagal Technology Co., 
Shanghai, China). The plates were incubated at 36±1°C 
for 48 h. The colonies were validated in the coagulase 
plasma test. The numbers of colonies were counted, and 
the results expressed as log10 number of CFU/cornea.

Histopathological Evaluation
Left eyes were enucleated after rabbits were sacrificed on the 
seventh day of treatment and fixed in 4% paraformaldehyde 
followed by dehydration with a serial concentration of ethanol 
(75% for four hours, 5% for two hours, 90% for two hours, 
95% for one hour, 100% for half an hour) and cleared with 
xylene for 35 min. Tissues were embedded into paraffin and 
cut at the equatorial area with 4 µm thickness using a micro-
tome. The sections were stained with H&E and then scanned 
by a Pannoramic Scanner (3DHISTECH Ltd, Budapest, 
Hungary). The histopathological images of ocular tissues 
were scored by a pathologist blinded to the experimental 
design. Corneal pathology scores were graded as following: a 
sprinkling of inflammatory cells affecting ≤1/4 of the corneal 
tissue was scored as minimal (1), with dense packing of 
inflammatory cells affecting 1/4–1/2, 1/2–3/4, and ≥3/4 of 

Figure 2 The ring part of the CTOIDD system model was fixed on the conjunctiva 
of a rabbit eye. 
Abbreviation: CTOIDD, continuous topical ocular instillation drug delivery.

Figure 1 The flowchart demonstrates allocation to three groups, follow-up and investigations carried out at each time point. 
Abbreviations: SLP, slit-lamp photography; AS-OCT, anterior segment optic coherence tomography; CTOIDD, continuous topical ocular instillation drug delivery; NVCM, 
norvancomycin.
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corneal stromal tissue was recorded as mild, moderate and 
severe (2, 3, 4) respectively.29,30 The iris and ciliary body 
were graded for signs of swelling and inflammatory cell infil-
tration from normal (0) to severe (4).

Statistical Analysis
Statistical analyses were performed by SPSS 24.0 (IBM 
Corp., Armonk, NY, USA). Clinical inflammation score 
and pathological score were presented as median (IQR) 
and bacterial loads among the CTOIDD group were pre-
sented as mean ±SD. The clinical inflammation score and 
pathological scores were analyzed using Kruskal–Wallis 
test. Dunn’s test was used to compare the differences 
between groups. Bacterial counts were analyzed using a 
one-way analysis of variance. The value p<0.05 was con-
sidered a significant difference.

Results
Slit-lamp Photography and Clinical Scores 
of Eyes
All left eyes presented a marked response with acute severe 
keratitis including purulent secretion in the cul-de-sac, con-
junctival hyperemia, and edema, deep corneal infiltration, 
and hypopyon within 24 h after the induction. Slit-lamp 
photography of experimental eyes was performed on days 
one, two, four, and eight. Figure 3 shows representative 
pictures of eyes in three groups before and after correspond-
ing treatment. The eye in the CTOIDD-NVCM group pre-
sents more decrease of the hypopyon, alleviated edema of 
cornea, and reduction of corneal infiltration (Figure 3A–D) in 
comparison to the eye drop group (Figure 3E–H). The eye in 
CTOIDD-saline group displays an ulcer, deteriorating with 
increased inflammation and a typical perforation on day four 

Figure 3 Representative slit-lamp pictures of the CTOIDD-NVCM group (A–D), Eye drop group (E–H), CTOIDD-saline group (I–L). Pictures were taken on days one (A, 
E, I), two (B, F, J), four (C, G) and eight (D, H, L). Eyes in the CTOIDD-saline group presented a remarkable corneal edema and infiltration, conjunctival hyperemia and 
hypopyon. A typical corneal perforation with hyperemic iris incarceration on day six was observed in the CTOIDD-saline group (K). The eyes on day eight in the CTOIDD- 
NVCM and eye drop groups appeared less inflamed.
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(Figure 3I–K). Figure 4 shows the total clinical scores of 
changes for all clinical parameters in three groups. And the 
data on scores of individual parameters are shown as median 
(IQR) in Table 2. The clinical scores before treatment among 
the three groups have no significant differences on day one 
(p=0.395). The clinical scores of the CTOIDD-NVCM group 

decreased more than the CTOIDD-saline group with a sig-
nificant difference on day two (p=0.000), day four (p=0.000), 
and day eight (p=0.000), respectively. When compared to the 
eye drop-NVCM group, scores of CTOIDD-NVCM show no 
significant differences on day two (p=0.095) and day four 
(p=0.053), however, the scores dropped down on day eight 
(p=0.018) with significant differences (Figure 5).

Anterior Segment Optical Coherence 
Tomography
Experimental eyes in three groups underwent the AS- 
OCT examination on days one and eight, respectively. 
Figure 6A shows the normal structure of the cornea in a 
healthy rabbit. The five layers of the cornea including 
epithelium, Bowman’s membrane, stroma, Descemet’s 
membrane, and endothelium are distinct and intact. The 
epithelium and stroma in the eye drop-NVCM group are 
more irregular than the CTOIDD-NVCM group, besides, 
the endothelium in the eye drop group cannot be clearly 
observed (Figure 6B and C). An eye in the CTOIDD- 
saline group shows a conspicuous perforation in the cen-
tral cornea, following corneal edema, discontinued 
epithelium and stroma, ruptured endothelium and fibrin 
in the anterior chamber (Figure 6D).

Bacterial Burden
Log10 mean bacterial counts are illustrated in Figure 7. The 
log 10 mean counts in CTOIDD-NVCM show a significant 
reduction compared to the eye drop group (p=0.013 on day 

Figure 4 Clinical inflammation score changes in three groups (n=13 in CTOIDD-NVCM, n=11 in eye drop-NVCM, n=8 in CTOIDD-saline group on days one, two; n=10 in 
CTOIDD-NVCM group, n=8 in eye drop-NVCM group, n=6 in CTOIDD-saline group on days four, six, eight). Values are given as the median (IQR).

Table 2 Clinical Scores in Three Groups

Parameters Days CTOIDD- 
Saline

CTOIDD- 
NVCM

Eye Drop- 
NVCM

Discharge 0 4 (3.6, 4) 4 (4, 4) 4 (3, 4)

Conjunctiva 0 4 (3.6, 4) 4 (3, 4) 3 (3, 4)

Cornea 0 4 (3.6, 4) 3 (3, 4) 4 (4, 4)

Hypopyon 0 3 (3, 3) 3 (1.5, 3.5) 3 (3, 4)

Total 0 14.75 (14, 15) 13 (12, 15) 14 (13, 15)

Discharge 4 3 (3, 3.75) 2 (1.75, 2) 2.5 (2, 3)

Conjunctiva 4 3 (3, 3.75) 2 (2, 3) 2.5 (2, 3)

Cornea 4 4 (3.63, 4.75) 3 (2, 3) 4 (3, 4)

Hypopyon 4 4 (3.25, 4) 2 (1, 3) 3 (3, 4)

Total 4 14.25 (13, 15) 8 (7, 11) 11. 5 (10.5, 13.5)

Discharge 8 2.5 (2, 3) 0 (0, 0) 1 (1, 1.75)

Conjunctiva 8 2.5 (2, 3) 1 (1, 1) 2 (2, 2)

Cornea 8 5 (3.38, 5) 2 (2, 2) 3 (3, 4.75)

Hypopyon 8 3 (3, 3) 1 (0.88, 1) 2 (2, 2)

Total 8 12.75 (11.38, 

13.25)

4 (3, 4.25) 8 (8, 10.5)

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                   

Drug Design, Development and Therapy 2021:15 622

Lin et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


four; p=0.000 on day eight) and the CTOIDD-saline group 
(p=0.003 on day four; p=0.000 on day eight). There is no 
significant difference between the eye drop and CTOIDD- 
saline groups on day four (p=0.103), while bacterial counts 
show lower in the eye drop group than CTOIDD-saline group 
on day eight (p=0.000).

Histopathology
Histopathological images of cornea, iris, and ciliary body 
in three groups on day eight are presented in Figure 8. The 
stroma of the cornea was thickened in all groups compared 
to the healthy cornea. Figure 8D shows a typical corneal 
perforation in the CTOIDD-saline group. In the CTOIDD- 
NVCM group, the epithelium was less irregular, and the 
stroma was infiltrated by less polymorphonuclear neutro-
phil (PMN) cells than the eye drop group (Figure 8B and 
C). Figure 8E presents a worse corneal ulcer close to the 
endothelial layer in the eye drop group. Examination of the 
iris and ciliary body revealed numerous PMN cells in the 
CTOIDD-saline group (Figure 8I and M). However, the 
PMN cells appeared to be fewer in the CTOIDD-NVCM 
group when compared to the eye drop group.

The pathology score comparison of cornea, iris, and ciliary 
body in the three groups are shown in Figure 9. The scores 
(median, IQR) of cornea, iris, and ciliary body in the three 
groups are shown in Table 3. Cornea, iris, and ciliary body 
scores in the CTOIDD-NVCM group were significantly lower 
than the CTOIDD-saline group (cornea: p=0.02; iris: p=0.034; 
ciliary body: p=0.037). There are no differences between the 
CTOIDD-NVCM and eye drop-NVCM groups (p>0.05).

Discussion
The findings from this study demonstrate that continuous 
topical ocular instillation of NVCM using CTOIDD inhib-
ited the development of severe acute bacterial keratitis. 
Drug delivery of NVCM using CTOIDD was able to 
treat severe acute bacterial keratitis infected by S. aureus 
effectively with significantly decreasing clinical scores, 
reduced bacterial burden and lessened inflammatory cell 
infiltration in ocular tissues in a week compared to the eye 
drop and CTOIDD-saline groups.

At baseline, the bacterial keratitis models in our study 
presented with more severe symptoms of acute keratitis in 
comparison to other keratitis models such as topical cor-
neal scratch and inoculation methods.31 Severe symptoms 
cannot be maintained for an extended period with topical 
corneal scratch methodology since fewer bacteria adhere 
to the cornea, wash-out effect by tear, and antibacteria 
activity by lysozyme in the tear film. Since the severity 
of infection is related to the concentration and total 
amount of bacteria,28,32,33 injecting 50 μL S. aureus with 
a concentration of 1×108 CFU/mL directly into the corneal 
stroma enabled our models to induce severe acute bacterial 
keratitis. Early infection symptoms such as a small amount 
of discharge, mild corneal hyperemia, and infiltration in 
cornea occurred in six hours after inoculation of S. aureus 
followed by a marked corneal infiltration and hypopyon 
within 24 h after inoculation.

In our previous pharmacokinetic study, we used a 
CTOIDD system to deliver NVCM into the ocular surface 
to achieve a much higher drug concentration in the ocular 
tissue rapidly compared to hourly administration of eye 

Figure 5 Comparison of inflammation scores in different days among the three groups. Kruskal–Wallis test was used to compare the difference with a posthoc test. Values 
are given as the median (IQR), *p<0.05, **p<0.01.
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drops in healthy rabbits.17 In this current study, we 
explored the efficacy of CTOIDD of NVCM for treating 
severe acute bacterial keratitis infection with S. aureus. 
Rabbits with severe acute bacterial keratitis were treated 
with continuous instillation of NVCM solution (50 mg/ 
mL) through CTOIDD for six hours per day in a one-week 
regimen. Rating standards used by Wei et al28 were 
referred for the clinical scores. The total clinical scores 
were the sum of these four scores including discharge, 
conjunctiva, hypopyon, and cornea parameters. The total 
clinical scores in the CTOIDD-NVCM group decreased 
significantly over time from day two onwards when com-
pared with the CTOIDD-saline and eye drop-NVCM 

groups. Especially the cornea scores in the eye drop and 
CTOIDD-saline groups were significantly higher than the 
CTOIDD-NVCM group.

The eyes of rabbits in the CTOIDD-NVCM group 
presented the mildest inflammation while two eyes in the 
eye drop group and four in the CTOIDD-saline group 
developed corneal perforation according to the slit-lamp 
examination and AS-OCT. Besides, corneas in the 
CTOIDD-NVCM group carried the lightest bacterial bur-
den on days four and eight in the quantitative assessment. 
The histopathological examination resulted in the 
CTOIDD-NVCM group presented anterior ocular tissues 
including cornea, iris, ciliary body had the least 

Figure 6 Representative pictures of AS-OCT examination in cornea. Cornea in healthy rabbit (A). Corneas in CTOIDD-NVCM group (B), eye drop group (C) and 
CTOIDD-saline group (D) on day eight, respectively.
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inflammatory cell infiltration and corneal structural disrup-
tion. We also observed that frequent NVCM eye drops had 
benefits compared to the saline-control group, however, it 
may not be enough for the urgent cases in severe acute 
keratitis.

Recently, new strategies in topical ocular drug delivery 
systems have been improved to deal with poor com-
pliances due inconvenience and difficulty in self-adminis-
tering eye drops by patients and less efficacy in severe 
cases. A case report34 introduced the use of Morgan Lens 
in the treatment of Pseudomonas keratitis which was used 
as an irrigation device for chemical exposure before. The 
infusion of ceftazidime by Morgan Lens effectively treated 
two patients with severe keratitis. However, direct infusion 

of ceftazidime can irritate patients since the drug comes 
into contact with the cornea rapidly and directly during 
continuous lavage. Kesavan et al35 investigated an ion- 
activated mucoadhesive hydrogel system for treating 
experimental bacterial keratitis. It showed significant 
improvement in the observed parameters of bacterial ker-
atitis in the mucoadhesive system compared to the con-
ventional eye drop of gatifloxacin. Similar to our study, 
they also used S. aureus (ATCC 25923) for inducing 
bacterial keratitis. However, the amount of bacteria used 
by Kesavan et al was less (1000 CFU) in comparison to 
our study (5×106 CFU), since we wanted to build an acute 
severe keratitis model. Thus, for now, the mucoadhesive 
system treated in severe cases has not been investigated. 

Figure 7 Comparison of bacteria count in the three groups. One-way analysis of variance was used to compare the difference with a post hoc test. Values are given as mean 
±SD, *p<0.05, **p<0.01.

Figure 8 Representative pictures of histopathological section images of cornea (A–E), iris (F–I) and ciliary body (J–M) in healthy rabbits and three groups on day eight. 
Healthy cornea (A), cornea in CTOIDD-NVCM group (B), eye drop group (C, E), CTOIDD-saline group (D). Healthy iris (F), iris in CTOIDD-NVCM group (G), eye drop 
group (H), CTOIDD-saline group (I). Healthy ciliary body (J), ciliary body in CTOIDD-NVCM group (K), eye drop group (L), CTOIDD-saline group (M). (A–C) 20× 
magnification, scale bar 50 μm; (D, E) 10× magnification, scale bar 100 μm; (F–M) 20× magnification, scale bar 50 μm, H&E stain.
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Although other various new drug delivery systems includ-
ing hydrogels, nanoparticles, and microemulsions13,33,36 

have demonstrated possible utility in treating mild and 
chronic cases, but few have shown their effectiveness 
against severe acute bacterial keratitis. Pinna et al37,38 

conducted two studies to assess in vitro antimicrobial 
activity of a new commercial ophthalmic solution contain-
ing povidone-iodine 0.6% (IODIM®) and another contain-
ing hexamidine diisethionate 0.05% (Keratosept) and the 
results suggested that they may be potential candidates for 
the treatment of ocular surface infections. In addition, 
plant-based products such as EOs have also been explored 
for their antimicrobial properties5,7 and the beneficial 
properties of EOs have encouraged researchers to use 
them along with nanomaterials as potential antimicrobial 
agents. However, the promising antimicrobial activity of 
EOs, for now, is limited due to their strong organoleptic 
flavor, low water solubility, and low stability.39

The CTOIDD method provided a possible way to form a 
“drug film” that prolongs pre-corneal and pre-conjunctival 
residue times of the drug to diminish the effects of high 
turnover rates of the tear film. In addition, the absence of in 

vivo adverse events in the CTOIDD group confirms its 
safety. The results also demonstrated that continuous instilla-
tion of large drug doses can effectively control the develop-
ment in the early stage of severe keratitis and provides better 
effectiveness than a frequent eye drop regimen.

Nonetheless, there are various limitations in our study. 
We admit some characteristic differences exist between the 
human and rabbit eyes. Rabbits have a larger and thinner 
cornea, more space in the cul-de-sac, faster blood circulation 
than humans. Thus, the animal model of experimental ker-
atitis would differ from keratitis in humans slightly. 
Furthermore, the suture in our study was used to fix the 
ring part of the CTOIDD to keep it from dropping out 
because of the rabbits’ proptosis. And we did not limit 
rabbits’ activities in this study so the results could have 
been influenced. The CTOIDD device is still investigational. 
Future modifications to the CTOIDD system would allow a 
device suitable for the human eye when administered to 
patients. It would be noninvasive and conveniently placed 
in the cul-de-sac and the drug delivery process would be 
automated. Studies will investigate the safety and efficacy of 
CTOIDD viral and fungal disease models in the future.

Conclusion
The present study provides promising results for continuous 
topical instillation delivery of NVCM in preventing the pro-
gression in the early stage of severe acute bacterial keratitis in 
a rabbit model. The CTOIDD system demonstrates improved 
efficacy and has the possibility to increase patient compli-
ance. Therefore, CTOIDD is a possible alternative approach 
for the treatment of severe acute corneal infections.

Figure 9 Comparison of pathology infiltration inflammation scores in three groups. Kruskal–Wallis test was used to compare the difference with a post hoc test. Values are 
given as the median (IQR), *p<0.05.

Table 3 Pathological Scores of Cornea, Iris and Ciliary Body in 
Three Groups

Tissue CTOIDD- 
Saline

CTOIDD- 
NVCM

Eye Drop- 
NVCM

Cornea 4 (4, 4) 2 (1.5, 2.5) 3.5 (3, 4)

Iris 4 (3, 4) 2 (1, 2.5) 2.5 (2, 3)
Ciliary 

body

3 (3, 3) 2 (1, 2) 2 (1.25, 2.75)
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