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Abstract
Purpose: Elevated concentrations of penicillin into the cornea can increase the potency of penicillin as a topical antibiotic
for the treatment of Staphylococcus aureus (SA) keratitis. We evaluated topical 6% penicillin to treat SA keratitis using
isolates deemed resistant to penicillin.
Methods: Rabbit corneas were infected bilaterally by ocular isolates of SA with varying penicillin minimum inhibitory
concentration (MIC) levels (0.12, 0.25, 0.5, 16, 32, and 64 µg/ml). The corneal epithelium was abraded in the left eye to
mimic ulceration. After 4 hours, four rabbits for each isolate were sacrificed prior to topical treatment to determine the
onset colony counts. Each SA isolate was treated topically with 6% penicillin, 2.5% vancomycin, or saline for 5 hours
(N=8/group). One hour afterwards, rabbits were sacrificed, corneas were removed, homogenized, and standard colony
counts were performed. Data were analyzed to determine bactericidal effect, penicillin efficacy (linear mixed effects
model), and a tentative susceptibility standard.
Results: For intact and abraded corneas, a bactericidal effect was noted for SA with MICs of 0.12, 0.25, and 16 µg/ml.
Colony counts of the penicillin group was significantly lower than vancomycin (p=0.014) for the abraded group, but
not for the intact group (p=0.17). Colony count differences (p=0.00001) indicated that the corneal epithelium hindered
penetration of penicillin.
Discussion: Experimentally, penicillin is a potent antibiotic to topically treat SA keratitis even against SA considered
resistant. A tentative SA keratitis susceptibility standard could be 16µg/ml, but more work needs to be supportive. Penicillin
may be an alternative SA keratitis therapy, but anaphylaxis will remain an issue.
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Introduction
Staphylococcus aureus (SA) is a frequent bacterial keratitis pathogen as reported by our laboratory (Figure 1) and
by others [1-3]. In an era where few new anti-infectives and antibiotics are being developed, it is important to reevaluate “older antibacterials” [4]. For example, as in this study, penicillin, a beta-lactam antibiotic, could provide
alternative topical therapy for penicillin-susceptible SA (PSSA) keratitis, substituting for cefazolin, vancomycin and
fluoroquinolone anti-infectives. Penicillin was first reported to be successful to treat conjunctivitis as early as 1930,
but topical penicillin is rarely used currently for SA keratitis [5]. There are no in vitro antibiotic standards to guide
topical therapy in the treatment of bacterial keratitis for penicillin or any other antibiotic. This limitation prevents the
use of topical penicillin by preventing laboratory confirmation of ‘in vitro’ to ‘in vivo’ success. In the case of penicillin,
the serum standard for resistance is very low with a minimum inhibitory concentration (MIC) of 0.12 μg/ml [6]. If a
correlation could be made with published rabbit corneal concentrations, penicillin can reach concentrations from 28 to
1080 μg/ml by topical administration, 300 μg/ml by subconjunctival injections, and 4-9 μg/ml after systemic therapy
© All copy rights are reserved by Kowalski RP

www.scienceinquest.com

Journal of Clinical Ophthalmology and Optometry

[7]. In light of these elevated concentrations, it appears that there may be an over reporting of bacterial resistance
in corneal infections using the serum standard for penicillin. The attainment of high antibiotic concentrations in the
cornea indicates that topical penicillin may be able to reach high therapeutic concentrations to treat bacterial keratitis.
Support for different standards for ocular topical therapy versus systemic infections was provided by our previous
studies [8,9]. We demonstrated that high levofloxacin and gatifloxacin concentrations in the cornea eliminated bacteria
that were considered levofloxacin and gatifloxacin resistant based on the serum standards.

Figure 1: Pictures the distribution of bacteria (1993-2017) (N=2026) from bacterial keratitis. The Charles T. Campbell Ophthalmic
Microbiology Laboratory. (http://eyemicrobiology.upmc.com /AntibioticSusceptibilities/keratitis.htm) accessed March 13, 2018

Since topical penicillin is rarely (not) used for the treatment of SA ocular infections, the selective pressure for SA to
acquire resistance is reduced, and penicillin should be reconsidered as a therapeutic in the treatment of PSSA keratitis.
The resurgence of PSSA has been reported from other infection types (i.e. bacteremia) [10-12]. Our laboratory has
confirmed the resurgence of PSSA among SA isolated from patients with SA keratitis. (Unpublished) (Kowalski
RP (2015) The resurgence of penicillin-susceptible Staphylococcus aureus isolated from infectious keratitis. ISOPT,
Berlin, Germany, July 11, 2015, and Kowalski RP (2015) Antibiotic resistance and antibiotic alternatives: Looking
towards the future. London, England, November 3 -5, 2015). In these reports we demonstrated the resurgence of
penicillin susceptibility with 333 SA isolated from the corneas of keratitis patients between 1993 and 2014. The
median MIC for ‘2010-2014’ (2 µg /ml) was significantly lower (p=0.005, Mann-Whitney) than ‘1993-1997’ (16 µg/
ml) indicating increased penicillin susceptibility.

The aims of this study were
To test the hypothesis that penicillin can be used to treat PSSA keratitis infections. Using our well-established rabbit
keratitis models [8,9,13-16]. We tested the efficacy of penicillin against clinical SA with increased resistance to
penicillin, based on minimum inhibitory concentrations (MICs). We used established topical dosing with 6% penicillin
[17].
1. To create a tentative topical antibiotic susceptibility standard for penicillin to guide the treatment of SA keratitis. We
would establish the “Proof of Principle”, using a rabbit keratitis model, that a tentative topical antibiotic susceptibility
standard for penicillin would be higher than for the approved systemic standard. This would support the assumption,
believed by most practicing ophthalmologists, that high concentrations of antibiotics can be attained in the corneal
tissue with frequent topical dosing.
2. To introduce a tentative new method for determining susceptibility standards for other topical antibiotics used for
the treatment of bacterial keratitis.
3. The expected outcome of this research will provide ophthalmologists another viable therapeutic option for the
treatment of a potentially blinding disease, and provide guidance for clinical microbiologists and physicians to
determine the susceptibility of SA ocular isolates which in turn can be used in making therapeutic decisions.
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Methods
Overview
The purpose of our study was to determine the efficacy of topical penicillin in the treatment of Staphylococcus aureus
(SA) keratitis in a rabbit model. Rabbit corneas were infected by 8 respective isolates of SA with varying MIC levels.
Each SA isolate was treated respectively with topical penicillin, vancomycin, and saline. In each rabbit, the corneal
epithelium was abraded in the left eye to mimic corneal ulceration, and the corneal epithelium remained intact in the
right eye. This was performed to determine the penetration of antibiotic into the cornea to eliminate SA by comparing
the colony counts of the intact and abraded eyes. The corneal infections progressed for 4 hours. A group of rabbits
for each isolate was sacrificed prior to topical treatment to determine the colony counts for bactericidal effect. The
rabbit eyes were administered topical antibiotic therapy for 5 hours. One hour after topical treatment, the rabbits
were sacrificed, the corneas were removed, homogenized, and standard colony counts were performed. The data was
statistically analyzed to determine bactericidal effect of topical treatment and the efficacy of penicillin in comparison
to vancomycin and saline treatment.

In vivo Animal Testing
Specific pathogen free New Zealand white female rabbits, weighing 1.1 - 1.4 kg, were purchased from Charles River
Laboratories’ Oakwood Research facility, Oxford, MI. The present study conformed to the ARVO Statement on the
Use of Animals in Ophthalmic and Vision Research, and was approved by the University of Pittsburgh Institutional
Animal Care and Use Committee (IACUC Protocol #16017384-1 “Development of the First Topical Susceptibility
Standard for Penicillin to Predict Successful Treatment of Staphylococcus aureus Keratitis”.

Experimental Drugs
6% Penicillin (100,000 units/ml)
Penicillin G potassium For Injection (5,000,000 units) (Buffered Pfizerpen®, Pfizer, New York, NY; Lot 33002002)
was purchased from the University of Pittsburgh Medical Center (UPMC), Pittsburgh, PA, inpatient pharmacy. The
vial was stored at room temperature as directed until reconstituted with 3.2 ml of sterile saline to produce a penicillin
G potassium solution of 1,000,000 units per ml. Four ml of the 1,000,000 units per ml penicillin G potassium solution
was added to 36 ml of sterile saline to produce 40 ml of 100,000 units per ml penicillin G potassium. The 40 ml was
aliquoted into 4 - 10 ml aliquots and stored frozen at -20oC until use within 2 weeks of reconstitution. On the day of
the experiment, one of the 10 ml aliquots was thawed and used for dosing. Each topical application was a volume of
37 μl instilled directly onto the cornea using a Rainin electronic pipet set in the multi-dispense mode.
2.5% Vancomycin (25 mg/ml)
Vancomycin Hydrochloride for Injection USP (500 mg) (APP Pharmaceuticals, Fresenius Kabl USA, LLC, Lake
Zurich, IL; Lot 2766042) was purchased from the UPMC inpatient pharmacy. Two vials were stored at room
temperature as directed until reconstituted with 10 ml of saline to produce a vancomycin solution of 50 mg/ml (5%).
The vials were combined. Nineteen mls of the 50 mg/ml vancomycin was added to 19 ml of sterile saline to produce
38 ml of 25 mg/ml (2.5%) vancomycin. The 38 ml of 2.5% vancomycin was transferred into 4 - 9.5 ml aliquots and
stored frozen at -20oC until use within 2 weeks of reconstitution. On the day of the experiment, one of the 9.5 ml
aliquots was thawed and used for dosing. Topical application was the same as penicillin.
Saline Control
0.9% Sodium Chloride Injection USP (Baxter Healthcare Corp. Deerfield, IL) was used as control drops. Topical
application was the same as penicillin.
SA Isolates
Eight patient de-identified SA with varying MICs to penicillin and isolated from the corneas of patients with keratitis
were retrieved from a clinical tissue bank which is used for validation of diagnostic testing and antibiotic evaluation.
The 8 isolates were designated with penicillin MIC (µg/ml) as follows: I) K62, 0.12, II) K2112, 0.25, III) K1998, 0.5,
IV) K950, 16, also methicillin resistant, V) K2561, 32, VI) K2821, 32, also methicillin resistant, VII) K167, 64, and
VIII) K176, 64.
The inoculum for injection was created by growing each isolate on trypticase soy agar supplemented with 5% sheep
blood (TSA II, Becton, Dickinson, and Company, Sparks, MD) for 24 hours at 37oC. A few colonies were suspended
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in tryptic soy broth and the suspension was correlated to a colony count concentration (Colony Forming Units per
milliliter) (CFU/ml) that was pre-determined with an optical density value read at 650 nm. This concentration was
appropriately diluted in sterile trypticase soy broth to provide the inoculum of approximately 2,000 (2.0 x 103) CFU/
eye in 25 μl. The final concentration was confirmed with another standard colony count.

Experimental Protocol
1) In general, for each SA isolate, 32 rabbits were tested for 4 treatments (N=8) groups:
1. 6% penicillin.
2. 2.5% vancomycin.
3. Saline.
4. Onset.
K2112 and K176 were tested with 16 rabbits for 4 treatments (N=4). The vancomycin and saline groups for K2561
were reduced by 1 (N=7) due to premature rabbit death.
2) All rabbits were systemically anesthetized with intramuscular injections of ketamine (40 mg/kg) and xylazine
(4 mg/kg) in the rear flank. Topical anesthesia (0.5% proparacaine) was applied to each cornea prior to proptosing
the globe with a dacron-tipped applicator. The corneal epithelium of the left corneas was abraded using an Amoil’s
epithelial scrubber (Innovative Excimer Solutions, Inc., Ontario, Canada), while the epitheliums in the right eyes
remained intact. Abrading the cornea assured de-epithelialization of the cornea. The comparison of the data between
the two eyes would determine the ability of antibiotic to penetrate the corneal epithelium into the infected corneal
stroma [15,16]. The corneas were intrastromally injected with 2000 CFU of each respective SA isolate. The rabbits
were immediately treated with analgesia in the form of intramuscular injections of ketoprofen (1.5 mg/kg). The
corneal infections progressed for 4 hours.
3) After 4 hours, the rabbits in the onset group were sacrificed and large 9.5 mm buttons were removed from the
corneas. These were placed in 1 ml of phosphate buffered saline (PBS, pH 7.2, Gibco, Grand Island, NY) in Lysing
Matrix A 2 ml tubes (MP Biomedicals LLC, Solon, OH). The corneal buttons were homogenized using the MP Fast
Prep-24 homogenizer (MP Biomedicals LLC, Solon, OH) for five homogenization cycles (20 seconds) separated by
90 second intervals to keep the samples cool. The speed was set at 4.0 m/s. The homogenizer was kept at 4oC. After
homogenization, the homogenates were diluted to 10-2 and 10-4, and colony counts were performed on the undiluted
sample and the two dilutions per eye using the EddyJet 2 spiral plating system (Neutec Group Inc., Farmingdale, NY)
on TSA plates with 5% sheep blood. After 48 hours, the colonies on the plates were counted using the automated Flash
and Grow colony counting system (Neutec Group Inc.) and the number of CFU/eye of Staphylococcus aureus were
determined for each cornea. All colony counts were log10 (CFU+1) transformed for analysis.
4) Also, after 4 hours, topical treatment for the penicillin, vancomycin, and saline groups commenced every 15
minutes for 5 hours (21 total doses).
5) One hour after the final treatment, the treated rabbits (penicillin, vancomycin, and saline) were sacrificed and large
9.5 mm buttons were removed from the corneas. These were placed in 1 ml of PBS in Lysing Matrix A 2 ml tubes.
The corneal buttons were homogenized as described previously.
6) After homogenization, colony counts were determined as previously described for the treatment groups and log10
(CFU+1) transformed for analysis.

Statistical Analysis
All statistical analyzes were performed by a trained statistician (RAB). The kill of SA by topical 6% penicillin, 2.5%
vancomycin, and saline was determined for all tested SA isolates by subtracting the mean log10 CFU/ml at the onset
from the mean log10 CFU/ml after antibiotic treatment. A decrease of 3 log10 or greater denoted a bactericidal effect
(99.9% decrease in viable SA). This was calculated for both intact and abraded corneas. A bactericidal kill to the SA
with the largest MIC would indicate a tentative level of an in vivo susceptibility standard for the topical treatment of
SA with 6% penicillin.
The efficacy of topical 6% penicillin against 8 SA isolates with varying MICs to penicillin was compared to 2.5%
vancomycin, saline, and at onset, under conditions where corneal epithelium was abraded and left intact. The R
language and environment for statistical computing (Version 3.4.1) was used for computations. (URL: https://
www.R-project.org/) (R Core Team (2017). R: A language and environmental for statistical computing. R Foundation
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for Statistical Computing, Vienna, Austria.). The nlme R package was used for the mixed effects modeling. The
study design had two crossed factors: 1) topical treatment group with four levels (control, onset, 6% penicillin, and
2.5% vancomycin), and 2) corneal epithelial condition (abraded versus intact). Corneal epithelium condition was
nested within the experimental units. The log10 (CFUs +1) were modelled as a function of antibiotic treatment and
corneal epithelial condition using a linear mixed effects model with a random intercept. (URL://CRAN.R-project.org/
package=nlme) (Pinheiro J, Bates D, DebRoy S, Sarkar D, and RCore Team (2017). Nlme: Linear and Nonlinear
Mixed Effects Models. R package version 3.1-131.

Results
Table 1 summarizes the transformed log10 (CFU + 1) of SA from rabbit corneas treated topically with 6% penicillin,
2.5% vancomycin, and saline. For both intact and abraded corneas, a bactericidal effect was noted for SA with MICs
of 0.12, 0.25, and 16 µg/ml. The colony count decrease was over 90% for the MIC of 0.5 µg/ml. This data suggests
that a tentative susceptibility standard for keratitis therapy could be high as 16µg/ml. This is much larger than the
approved penicillin serum susceptibility standard of 0.12 µg/ml.5 No bactericidal effects for topical vancomycin
treatment of the intact groups were noted. A bactericidal effect was noted for topical vancomycin treatment of the SA
with a MIC of 16 µg/ml and an abraded cornea. As expected, there were no bactericidal effects with topical saline
treatment.
ID*

K62

K2112

K1998

K950

K2821

K256

K167

K176

Pen MIC (μg/ml)†

0.12

0.25

0.5

)MR( 16

#)MR( 32

32

64

64

Penicillin IE∏

1.63

1.89

2.81

0.71

4.97

6.4

3.84

4.29

Penicillin AE∏

0.0

1.0

2.4

0.59

1.21

1.98

2.25

2.42

Vancomycin IE

2.95

2.36

2.36

2.98

3.32

3.386

2.36

2.6

Vancomycin AE

2.36

3.38

2.66

1.1

3.14

2.42

2.67

2.8

Saline IE

4.59

5.52

5.4

7.03

6.87

7.93

7.78

7.4

Saline AE

1.89

3.59

5.18

3.97

2.44

7.17

6.98

6.68

Onset IE‡

4.81

5.24

5.11

4.7

5.32

5.21

4.76

4.94

Onset AE

4.52

4.79

4.76

4.4

3.98

4.42

4.73

4.63

Penicillin IE
Minus Onset IE §

-3.18

-3.35

-2.3

-3.99

-0.35

+1.19

-0.92

-0.65

Penicillin AE
minus Onset AE§

-4.52

-3.79

-2.36

-3.81

-2.77

-2.44

-2.48

-2.21

Vancomycin IE
minus Onset IE§

-1.86

-2.88

-2.75

-1.72

-2.0

-1.83

-2.4

-2.34

Vancomycin AE
minus Onset AE§

-2.16

-1.41

-2.1

-3.3

-0.84

-2.0

-2.06

-1.83

Saline IE
minus Onset IE§

-0.22

+0.28

+0.29

+2.33

+1.55

+2.72

+3.02

+2.46

Saline AE
Minus Onset AE§

-2.63

-1.2

+0.42

-0.43

-1.54

+2.75

+2.25

+2.05

Table 1: Mean Log10 Transformed [Colony Counts + 1] of Staphylococcus aureus from Corneas Treated Topically with %
Penicillin, 2.5% Vancomycin and Saline
* - ID is the identification of Staphylococcus aureus from an anonymous clinical tissue bank
†- Pen MIC (μg/ml) is the minimum inhibitory concentration of penicillin to each Staphylococcus aureus isolate
‡- Onset is the time that topical therapy commenced
§- (Penicillin or Vancomycin) minus Onset is the determination of the bactericidal action (-3.0 or larger) of topical treatment
∏- IE indicates that the corneal epithelium was not removed (Intact) prior to topical therapy
∏- AE indicates that the corneal epithelium was removed (Abraded) prior to topical therapy
#- MR indicates isolates were methicillin resistant
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Figure 2 depicts the interaction plot for the two crossed factors for the treatment groups. For the topical treatment
by penicillin of the abraded epithelium group, the colony counts of the penicillin group was significantly lower than
vancomycin (p=0.014, estimate residual error = -0.88, 95% CI [-1.58, -0.18]), saline (p=0.005, estimate residual error
= 1.27, 95% CI [0.39, 2.15]) and the onset (P=0.001, estimate residual error = 1.13, 95% CI [0.46, 1.81]). For the
topical treatment by penicillin of the intact group, the colony counts of the penicillin group was not significantly lower
than vancomycin (p=0.17, estimate residual error = -0.53, 95% CI [-1.28, 0.22]), but significantly lower than saline
(p=0.00001, estimate residual error = 3.21, 95% CI [2.44, 3.99]) and the onset (P=0.00001, estimate residual error =
1.63, 95% CI [0.99, 2.27]). Figure 3 depicts the interaction plot for the two crossed factors for the corneal epithelium
groups. The difference in colony counts between the intact and abraded epithelium groups after topical penicillin was
statistically significant (p=0.00001, estimate residual error = 0.60, 95% CI [0.46, 0.78]) indicating that the corneal
epithelium may hinder the penetration of penicillin. The difference in colony counts between the intact and abraded
epithelium groups after topical vancomycin was not statistically significant (p=0.43, 2 sample t test, Minitab, State
College, PA). This indicated that the corneal epithelium was not a hindrance to vancomycin penetration.

Figure 2: Depicts the interaction plot for the two crossed factors for the treatment groups

Figure 3: Depicts the interaction plot for the two crossed factors for the corneal epithelium groups

Discussion/Conclusions
Penicillin appears to be a potent antibiotic that could be reconsidered for the topical treatment of SA keratitis. Although
the MICs of SA to penicillin will be deemed resistant by the systemic standards, the concentrations reached in corneal
tissue will be able to eliminate the growth of SA. Our data indicates that topical treatment with 6% penicillin will
reach bactericidal decrease levels, and that the decreases are at least equal to topical treatment with 2.5% vancomycin.
It appears that levels of 16 µg/ml may be reached in the corneal tissue which is 133X higher than the systemic
susceptibility standard. Our study does not advocate replacing other topical antibiotics with penicillin for treating
SA, but it does indicate that penicillin may be considered as an alternative inexpensive antibiotic with a certain key
reservation that allergy to penicillin in the form of severe anaphylaxis must be investigated prior to clinical use. Our
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data also indicates that the ulceration of the cornea provides elevated penicillin concentrations below the epithelium
layer for increased efficacy.
So why is penicillin an interesting antibiotic? Penicillin was an early antibiotic directed to treat predominantly Grampositive bacteria such as SA. Penicillin and other β-lactam antibiotics act by inhibiting penicillin-binding proteins,
which normally catalyze cross-linking of bacterial cell walls which exist in SA. Isolates of SA counteracted the effects
of penicillin by producing an enzyme that can resist the effects of penicillin and similar β-lactam antibiotics. This
enzyme, β-lactamase, breaks the β-lactam ring of penicillin to disable the penicillin molecule. The serum susceptibility
standard indicates that the penicillin concentration in the body tissue by systemic treatment is low and the SA load at
the infection site produces high concentrations of penicillinase to catalyze the antibiotic which conveys the resistance.
The concentration of penicillin and other anti-infectives in the cornea tissue have been assumed to be much greater
than the concentration that can be delivered systemically, because of frequent topical dosing at the infection site.
This is further supported by the fact that bacterial infection causes corneal ulceration and the removal of the corneal
epithelium would allow even a higher concentration of penicillin. Our study proposes that the amount of penicillin
that gets into the cornea can inundate penicillinase produced by SA allowing excess penicillin to bind to penicillinbinding proteins thus blocking cell wall formation. The near non-existent use of penicillin to treat SA keratitis
probably supports the resurgence of lower penicillin MICs among SA over time. It would be reasonable to conclude
that penicillinase is not automatically produced by SA in large volumes and the MIC is a function of the amount of
penicillinase produced. Less penicillinase thus a lower MIC.
Our data also indicates that methicillin-resistant SA is not automatically resistant to penicillin. Penicillin resistance
and methicillin resistance are rendered by two different mechanisms. As penicillin resistance is due to an enzymatic
reaction, methicillin resistance is conferred with the acquisition of a nonnative gene that encodes for a penicillinbinding protein (pBp 2’) that has a lower affinity for β-lactams. Penicillin would bind to all penicillin-binding proteins
as long as copious amounts of β-lactamase is not present. In this study, penicillin was bactericidal to a methicillinresistant SA that presented with an MIC of 16 µg/ml. Based on the bactericidal action produced in our keratitis model,
it was reasonably concluded that a tentative susceptibility standard could be 16 µg/ml. This concentration would
have covered 44% of the methicillin-resistant SA and 64% of the methicillin-susceptible SA from our in vitro studies
(unpublished) demonstrating increased penicillin susceptibility among SA keratitis isolates.
Our rabbit keratitis model only measured the penetration and efficacy for 5 hours of topical treatment. The rabbit
cornea is approximately 350 µm thick in comparison to the human cornea 540 µm, but we assume that frequent dosing
would result in final comparable penicillin concentrations [18]. We may have observed a higher bactericidal effect for
the SA with higher MICs with longer dosing over 5 hours. This would have resulted in a higher tentative susceptibility
standard above 16 µg/ml.
The present study supports the “Proof of Principle” that topical penicillin can reach a high concentration into the cornea
and overcome resistance that is reported by clinical laboratories using the standards that guide systemic treatment of
bacterial infections. There will never be an approved topical standard for treating bacterial keratitis, and a tentative
guide will at least provide support of clinical treatment success. Penicillin has lost favor as a topical antibiotic to treat
SA keratitis because susceptibility is based on serum concentrations and not corneal concentrations, and the sideeffect of severe allergic anaphylaxis. With sensible and careful use, penicillin could find a niche as a potent treatment
of SA keratitis based on laboratory support and patient medical history.
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