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The Ideal Antibiotic for the Eye

What do we want in the ideal ophthalmic 
anti biotic? And how do the fluoroquinolones— 
ophthalmology’s most heavily used class of anti
biotics—measure up? The simple answer is that 
we want both safety and clinical efficacy—the 
magic bullet that enables us to effectively treat 
and prevent ophthalmic infections. 

Pharmacodynamics is the study of drug actions 
within the body. In the case of the eye, some of 
the pharmacodynamic principles that apply to 
a systemic administration need to be modified. 
One factor unique to topical ocular agents is the 
drug’s ability to penetrate and concentrate within 
ocular tissues. The bactericidal activities of fluoro
quinolones, in particular, are highly concentra
tion dependent, and so it is desirable to have high 
drug concentrations at the infection site (or site 
of potential infection, in the case of prophylaxis). 
Another uniquely ophthalmic consideration is 
dwell time on the ocular surface, particularly in 
the face of rapid tear film dilution and lacrimal 
drainage.

Resistance

One aspect of potency is described by the anti
biotic’s spectrum of coverage for the organisms 
that threaten our patients’ ocular health and sight. 
Today, more than ever before, efficacy hinges on 
a drug’s ability to overcome one or more of the 
many resistance mechanisms that have become 
disturbingly common among ocular pathogens 
such as Streptococcus pneumoniae, methicillin
resistant Staphylococcus aureus (MRSA), and 
methicillinresistant Staphylococcus epidermi-
dis (MRSE). 

Overall, fluoroquinolones meet these chal
lenges impressively well, despite the hard reality 
of fluoroquinolone resistance being highly corre
lated with methicillin resistance (and methicillin 
resistance growing at a disturbing rate). Recent 
findings have enabled us to better understand how 
fluoroquinolones achieve relatively high levels of 
potency even against organisms that register as 
“resistant” in standard testing. Genetic studies, in 
turn, are starting to reveal how and why potency 
varies among the different molecules and formu
lations in the large and evolving fluoroquinolone 
family of ocular antibiotics.

In part this progress may reflect the enhanced 
penetration and tissue concentrations that can be 
achieved with topical fluoroquinolones in general 
and current generation formulations in particu
lar. In addition, each subsequent generation of 
fluoroquinolones has delivered increased potency 
against the ocular pathogens that are resistant to 
earlier generation drugs. While fluoroquinolone 
“generations” are not hard and fast divisions, their 
classification reflects clear advances in molecu
lar design and bacterial targeting that are worth 
examining.1 In addition, several newer genera
tion drugs incorporate preservatives and delivery  
vehicles that may further enhance clinical efficacy.2,3 

Together, such advancements give the clini
cian an array of choices for the prevention and 
treatment of ocular infection. In addition, subtle 
and sometimes notsosubtle differences between 
fluoroquinolones may lend themselves to the  
selection of different fluoroquinolones for specific 
clinical situations. 

In the following pages, we will explore perti
nent aspects of fluoroquinolone potency—always 
with an eye to helping the clinician maximize 
clinical efficacy.
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The Early Days of Fluoroquinolone 
Development

Before norfloxacin, the first ophthalmic fluo
roquinolone, our field depended largely on tobra
mycin and chloramphenicol. Chloramphenicol, in 
particular, was an extremely potent and effective 
broadspectrum antibiotic plagued by a rare but 
potentially lethal side effect—the induction of 
aplastic anemia.4 With fatalities associated with 
exposures as minute as a single drop, chloram
phenicol disappeared from the U.S. market in 
the 1990s.

Meanwhile, the attachment of a fluorine 
atom and a piperazine ring to the basic quino
lone molecule produced the first fluoroquino
lones. The piperazine ring improved broadspec
trum potency in part by inhibiting the “efflux 
pump” mechanisms that many pathogens use to 
expel toxic chemicals, while the fluorine atom 
expanded efficacy against many of the Gram
positive organisms.1,5 

Additional molecular enhancements increased 
and expanded potency enough to warrant a sec
ond generation designation with the debut of 
ofloxacin and ciprofloxacin. Ophthalmic prepa
rations of these drugs appeared in the mid to 
late 1990s. Their enhanced activity mainly tar
geted Gramnegative pathogens, with particular  
potency against organisms such as Pseudomonas 
aeruginosa and a more modest expansion of  
efficacy against Grampositive organisms such 
as S. aureus.6 

Meanwhile, a growing understanding and  
appreciation of pharmacodynamics spurred the 
rational development of third generation agents 
such as levofloxacin and significantly improved 
potency against Grampositive organisms. Rising 
levels of drug resistance fueled the development 
of moxifloxacin and gatifloxacin—now consid
ered either third or fourth generation, depend
ing on whom one asks.5 And in 2009 besifloxacin  
entered the market with an N1 cyclopropyl group 
that enhanced broadspectrum aerobic activity.7  

Over the decades, we have come to understand 
the antibacterial potency of fluoroquinolones as 
derived in large part by their targeting of two  

Each generation of fluoroquinolones 
included molecular enhancements that 
helped overcome resistance to earlier 
generations.

Older fluoroquinolones preferentially 
target one of two bacterial enzyme 
targets, a factor that limits their spec-
trum of coverage and may invite the 
development of resistance.

The enhanced potency of current gen-
eration fluoroquinolones stems in part 
from more balanced targeting of both 
bacterial enzymes, with besifloxacin 
demonstrating the most balanced cov-
erage of all.

The dual-enzyme targeting of current 
generation fluoroquinolones may also 
slow the development of new bacterial 
resistance.

Current generation fluoroquinolones 
have minimum inhibitory concentrations 
(MICs) generally two to three times lower 
than those of older fluoroquinolones. 

Fluoroquinolone potency generally in-
creases with tissue concentration, and 
current generation fluoroquinolones 
achieve conjunctival concentrations 
well above their MICs.

The kill speed of fluoroquinolones  
appears to be enhanced by the addition 
of benzalkonium chloride, a preserva-
tive present in ophthalmic formulations 
of both gatifloxacin and besifloxacin.

Lacrimal drainage presents a challenge 
to antibiotic dwell time on the ocular 
surface, and mucoadhesive delivery 
vehicles can prolong this residence time.

When the suspicion of methicillin  
resistance is high, it can be prudent to 
combine a latest generation fluoroqui-
nolone with a second antibiotic, such 
as polytrim, tobramycin, or azithro-
mycin, to achieve a synergistic effect.

corE 
concEPtS



Understanding and Enhancing Fluoroquinolone Potency: Advances and New Findings 
(Table 2).11 It found clear differences in efficacy 
against coagulase negative staphylococcus (CNS) 
species including S. epidermidis as well as some 
strains of MRSA. Just over 31% of the CNS iso
lates were resistant to ciprofloxacin and ofloxacin, 
while all but 2% proved susceptible to gatifloxa
cin. Over 90% of the clinical MRSA isolates were 
resistant to ciprofloxacin and ofloxacin, com
pared to a significantly lower (but still disturbing)  
resistance rate of 57% to gatifloxacin. 

Similarly a U.S. 2006 report compared the in 
vitro efficacy of 0.3% ciprofloxacin and 0.3% gati
floxacin against bacterial species isolated from 
patients with keratitis (Table 3).12  More than 
a third (39.6%) of Grampositive cocci proved  
resistant to ciprofloxacin, while all but 3.8%  
remained susceptible to gatifloxacin. A startling 
50% of S. pneumoniae were resistant to ciprofloxa
cin; just 4.2% to gatifloxacin. More importantly, 
clinical comparisons showed that treatment with 
gatifloxacin resulted in a higher proportion of 
healed ulcers than did treatment with ciprofloxa
cin—leading to the conclusion that gatifloxacin’s 
superiority against Grampositive cocci extends 
beyond test tube results and into the real world 
of clinical medicine.12  

As the most recent ophthalmic fluoroquino
lone, besifloxacin has had limited opportunity to 
show its potency in clinical settings, although in vi
tro studies have shown increased potency against 
some strains of MRSA and MRSE.7 As a C8 chlo
rinated molecule, besifloxacin is a descendant of 
a previously developed subgroup of halogenated 
fluoroquinolones that included clinafloxacin and 
sitafloxacin. These earlier agents demonstrated 
a favorable anti biotic spectrum with enhanced  
potency against drugresistant pathogens such as  

bacterial enzymes—DNA gyrase and topoisom
erase IV—the more sensitive of the two enzymes 
being the primary antimicrobial target for a given 
bacterial strain. DNA gyrase, for example, appears 
to be the primary target in Gramnegative bacteria, 
and topoisomerase IV may be the primary target 
in Grampositive bacteria.8,9

Within this context, earlier generation fluoro
quinolones appear to preferentially target one 
or the other of the two enzymes. By contrast, 
currentgeneration fluoroquinolones such as 
gatifloxacin, moxifloxacin, and besifloxacin 
demonstrate a more balanced targeting of both 
enzymes, and genetic studies suggest that the 
recently introduced besifloxacin demonstrates 
the most balanced targeting of all (Table 1).7 

Besifloxacin’s dual action is thought to stem from 
the addition of a bulky 3aminohexahydro1H
azepine ring at the quinolone molecule’s C7 
position and a chloride substituent at the C8 
position—both of which enhance the drug’s tar
geting of DNA gyrase. 

Reduced Resistance Potential

The dual enzyme targeting of the current 
generation fluoroquinolones may largely explain 
both their increased potency and their reduced  
potential for new resistance across a broad range 
of ocular pathogens.10 Clearly resistance stem
ming from an alteration at one of the two target 
binding sites will not reduce efficacy if blockade 
of the second binding site remains high. 

One of the earliest and strongest indicators 
of clinical results came from a survey of 532 
pathogens isolated from ocular infections in  
10 European Union countries in 2001 and 2002 

 
Bacterial enzyme targets of ophthalmic fluoroquinolones

 Inhibitory concentration (IC50, μg/mL)

 S. pneumoniae  E. coli

FQ Gyrase  Topo IV  Ratio  Gyrase  Topo IV  Ratio

Ciprofloxacin  15 2  7.5  0.3  9  30
Moxifloxacin  4  1  4  0.7  9  13
Besifloxacin  1  0.4  2.5  1  10  10

(Source: Reference 7)

TabLe 1 

4 To obtain CME credit for this activity, go to https://eval.medinfo.ufl.edu/cgi/eval.cgi?dir=candeo;form=fluoroquinolone
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TRUST data. But it is interesting to note that no 
fluoroquinoloneresistant strains emerged in 
clinical efficacy studies of 656 cases of bacterial 
conjunctivitis.7 

While the balanced enzymetargeting action 
of currentgeneration fluoroquinolones has some 
important effects, it cannot overcome more gener
alized resistance mechanisms such as a bacterial 
cell’s ability to reduce fluoroquinolone uptake or 
increase its expulsion. In addition, we now know 
that previously susceptible organisms can quickly 
acquire large sets of resistance genes through 
lateral transfer from resistant organisms in their  
environment.20,21 Such transfers can occur be
tween different species and even genera. As a 
result, it may not be so difficult for susceptible 
pathogens to acquire the DNA they need to shrug 
off even the most potent fluoroquinolone. 

Given this new understanding of bacterial  
genetics—and the widespread systemic and even  
agricultural use of fluoroquinolones—we cannot 
be too surprised at the inexorable rise in resistance 

S. aureus and a reduced tendency for the devel
opment of new resistance.13 Clinafloxacin, for  
example, showed favorable MICs when compared 
to other fluoroquinolones against both Gram
positive and Gramnegative pathogens, including 
some resistant strains.14,15  

In clinical studies, sitafloxacin resolved both 
MRSA and enterococcal infections that had 
failed to respond to vancomycin, with a 40% 
cure rate against multidrugresistant MRSA 
and a 75% cure rate against vancomycin resis
tant enterococcus (VRE).16 Unfortunately, the 
high serum levels required to treat such serious 
systemic infections were associated with rashes 
and skin photosensitivity—though no adverse 
ocular effects were noted.17,18  When the FDA 
approved besifloxacin in 2009, it was strictly 
as a topical ophthalmic drop.19  Indeed, its lack 
of systemic use gives hope that resistance to 
this newest fluoroquinolone may be slower in 
coming. Comparisons between besifloxacin and 
older fluoroquinolones are not yet part of Ocular 

 
Efficacy of older vs new generation fluoroquinolones

 Percentage of Resistant Pathogens*

Organism (No. of isolates)  Gati  Cipro  Oflox  Gent  Chloram

H. influenzae (83)  0  0  0  0  1.2
S. pneumoniae (70)  0  1.4  0  94.3  7.1
MSSA (123)  0.8  2.4  1.6  1.6  1.6
Enterobacteriaceae (60)  3.4  5.1  5.1  8.5  18.6
P. aeruginosa (38)  13.2  10.5  13.2  10.5  100
CNS (48)  2.1  31.3  31.3  18.8  20.8
MRSA (35)  57.1  91.4  91.4  37.1  2.9

*532 ocular pathogens isolated from ocular infections from 2001 to 2002.

Abbreviations: Gati = gatifloxacin; Cipro = ciprofloxacin; Oflox = ofloxacin; Gent = gentamicin; Chloram = chloramphenicol. (Source: Reference 7)

TabLe 2 

Efficacy of fluoroquinolones in bacterial keratitis

Organisim  No. of Isolates  Resistant to Gatifloxacin  Resistant to Ciprofloxacin

Gram-positive cocci  53  3.8%  39.6%
S. epidermidis  27  3.7%  33.3%
S. pneumoniae  24  4.2%  50.0%
Gram-positive bacilli  8  0%  25.0%
Bacillus species  8  0%  25.0%
Gram-negative bacilli  14  7.1%  14.3%
P. aeruginosa  8  12.5%  25.0%

(Source: Reference 12)

TabLe 3 
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cin’s maximum concentration (Cmax) of 10.7 μg/g  
approximately 2 to 5 times higher than that of 
besifloxacin (2.3 μg/g) or gatifloxacin (4.03 μg/g). 

Peak concentration at the target site is of 
particular importance in determining the  
potency of fluoroquinolones because their bac
tericidal activity is highly concentration depen
dent. Fluoroquinolones must bind to an adequate 
number of their target sites (DNA gyrase and/
or topoisomerase IV) to eradicate pathogenic 
bacteria, and binding frequency relates directly 
to drug concentrations within the infected or 
colonized tissue.27  

In general, fluoroquinolone efficacy is associ
ated with achieving tissue concentrations above 
the MIC90 for a given organism. At higher concen
trations, the vast majority of bacteria die within 
a short time, greatly minimizing the selection of 
resistant organisms. For these reasons, ophthal
mology has welcomed the recent introduction of 
higherconcentration fluoroquinolones such as 
gatifloxacin ophthalmic solution 0.5% (vs 0.3%) 
and besifloxacin 0.6%.

But it is interesting to note that, even at a con
centration of 0.5%, it is moxifloxacin that achieves 

that the Ocular TRUST’s national survey of ocular 
isolates has documented (Figure 1).22  

Lower MICs, Higher Concentrations

Other factors contributing to the increased ef
ficacy of current generation fluoroquinolones in
clude minimum inhibitory concentrations (MICs) 
that are generally two to three times lower than 
those of older fluoroquinolones.2325 In a recent 
study, Torkildsen and colleagues demonstrated 
that topically applied besifloxacin, gatifloxacin, 
and moxifloxacin all achieve conjunctival con
centrations well above their MIC values for sus
ceptible organisms.26  In this study, besifloxacin 
demonstrated the lowest MIC90 against both  
methicillinsusceptible and methicillinresis
tant Staphylococcal isolates—0.06 μg/mL and  
4 μg/mL respectively, as compared to 0.12 μg/mL 
and 32 μg/mL for moxifloxacin and 0.25 μg/mL 
and 64 μg/mL for gatifloxacin (Table 4). 

All three fluoroquinolones demonstrated simi
lar pharmacokinetic profiles, with concentrations 
peaking early (15 minutes) and declining to low 
levels by the end of 24 hours, with moxifloxa

CIP GAT LEV MOX AZTH PLX TOB TMP

2006 (N=33) 2007 (N=84) 2008 (N=78)

15 15 15 15

6 8 8

0 0 0

18 18 18 18

3030 30

36

50
55

94 95 95

28%
 Is

ol
at

es
 R

es
is

ta
nc

e

100

80

60

40

20

0

MSSA resistance patterns (note similarity of fluoroquinolones)
(Source: Ocular TRUST data). CIP = ciprofloxacin; GAT = gatifloxacin; LEV = levofloxacin; MOX = moxifloxacin;  
AZTH = azithromycin; PLX = polymyxin B; TOB = tobramycin; TMP = trimethoprim.
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as a drug reservoir, releasing antibiotic back into 
the tear film over time. This may be particularly 
useful in perioperative prophylaxis. Specifically, 
it may prolong protection against the periocular 
microflora that we now know are responsible for 
the majority of postoperative infections.29

That said, the most important prophylactic 
steps in surgical prophylaxis remain proper ocu
lar draping and application of povidoneiodine 
immediately prior to surgery.30 Applied pre and 
postoperatively, ocular fluoroquinolones appear 
to further enhance this prophylaxis by dramati
cally reducing the bacterial load in both the tear 
film and the conjunctival sac.31  However, topically 
applied antibiotics must overcome the factors (tear 
production, blinking, and lacrimal drainage) that 
rapidly diminish the concentration of any drug 
applied to the ocular surface. 

Killing Speed

As mentioned, “drugbug” contact time and 
kill speed cannot be ignored as a factor in clini
cal potency, even with fluoroquinolones. Simply 
put, bacterial eradication is not an instantaneous 
event. Unfortunately, most of the information 
we have on fluoroquinolone kill rates involve 
systemically administered drugs or in vitro 
tests that mimic plasma concentrations.23,24 In  

the highest concentrations in conjunctival tissues. 
This may be due to moxifloxacin’s being relatively 
more lipophilic than other fluoroquinolones.28   
However, after reaching relatively high concentra
tions at 15 minutes, moxifloxacin’s presence in the 
conjunctiva also rapidly declines. In Torkildsen’s 
study, for example, the median moxifloxacin con
centration had declined to 2.80 μg/g at 30 minutes, 
while that of gatifloxacin declined more gradu
ally to 2.61 over the same time period, and that of 
besifloxacin actually increased, from 1.65 μg/g to 
1.75 μg/g. At the 24hour mark, only besifloxacin 
maintained median tissue concentrations above 
0.03 μg/g. (Table 5).

Even with their marked dependence on con
centration, fluoroquinolones’ “drugbug” contact 
time is important to potency. To achieve clinical 
efficacy, duration of drug exposure must exceed 
kill time. The pharmacodynamic parameter that 
combines antibiotic concentration and duration is 
the drug concentration curve, or “area under the 
curve” (AUC), in relationship to the MIC (Figure 2). 
It is this measure that produces the best correlation 
with fluoroquinolone clinical success.24 

Clearly the high conjunctival concentra
tions described above demonstrate that current 
generation fluoroquinolones have a number of  
advantages in treating bacterial conjunctivitis. In 
addition, they allow the conjunctival tissue to serve 

Minimum inhibitory concentrations (mic90) for besifloxacin, moxifloxacin, and gatifloxacin against selected 
staphylococcus isolates

   besifloxacin  Moxifloxacin  Gatifloxacin 
 Number of isolates MIC90 (μg/mL)  MIC90 (μg/mL)  MIC90 (μg/mL)

S. aureus
MSSA-CSa  144  0.06  0.12  0.25
MRSA-CRb  81  4  32  64

S. epidermidis
MSSE-CSc  50  0.06  0.12  0.25
MRSE-CRd  29  4  64  128

aMIC90 values were obtained from susceptibility testing of 144 methicillin-sensitive, ciprofloxacin-sensitive S. aureus isolates. 
bMIC90 values were obtained from susceptibility testing of 81 methicillin-resistant, ciprofloxacin-resistant S. aureus isolates. 
cMIC90 values were obtained from susceptibility testing of 50 methicillin-sensitive, ciprofloxacin-sensitive S. epidermidis isolates. 
dMIC90 values were obtained from susceptibility testing of 29 methicillin-resistant, ciprofloxacin-resistant S. epidermidis isolates.

Abbreviations: MIC90, minimum inhibitory concentration to inhibit 90% of isolates; MSSA-CS, methicillin- and ciprofloxacin-sensitive S. aureus;  
MRSA-CR, methicillin- and ciprofloxacin-resistant S. aureus; MSSE-CS, methicillin- and ciprofloxacin-sensitive S. epidermidis; MRSE-CR, methicillin- 
and ciprofloxacin-resistant S. epidermidis. (Source: Reference 26)

TabLe 4 
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the efficacy of gatifloxacin 0.3% and moxifloxacin 
over short contact times and did so against a broad 
array of common ocular pathogens including one 
strain of Haemophilus influenzae, one S. pneu-
moniae, two S. aureus, four MRSA, four MRSE, 
and one fluoroquinoloneresistant S. epidermidis. 
At 5 minutes, the gatifloxacin had eradicated the 
H. influenzae and S. pneumoniae. At 15 minutes, 
it had eliminated the fluoroquinoloneresistant 
S. epidermidis, one of two S. aureus, and all four 
MRSA and four MRSE. At 60 minutes it had 
cleared the one remaining S. aureus isolate. By 
contrast, moxifloxacin achieved eradication of 
the S. pneumoniae and one of four MRSA only at  
60 minutes, with all other viable strains remain
ing viable.33  (Figure 3)

Though complicated by the role of BAK in 
killing speed and potency, these studies shed 
important light on the importance of “drug
bug” contact time in the efficacy of ophthalmic 
fluoroquinolones.

Intraocular Penetration

Intraocular penetration may play an important 
role in preventing postoperative endoph thalmitis. 
But topically applied ophthalmic antibiotics are 
infamous for their poor penetration into the 
aqueous humor, and the fluoroquinolones, while 
better than most, are no exception.34,35  This  
may be due in part to rapid removal from the 
ocular surface.

addition, standard laboratory definitions of bac
tericidal susceptibility and resistance are based 
on incubation times of 18 to 24 hours—consid
erably longer than the typical dwell time of a 
topically applied ophthalmic drug.

In 2009, two reports shed new light on this 
subject. Hyon and colleagues found that gatifloxa
cin 0.3% completely eradicated 10 of 13 isolates 
of S. aureus and 3 of 5 CNS isolates at 15 min
utes at in vitro concentrations typical of topically  
applied ophthalmic drops. By contrast, moxifloxa
cin 0.5% failed to achieve complete kill of any of 
the S. aureus isolates or 4 of 5 CNS isolates even 
at 60 minutes. The dramatic difference in efficacy 
may reflect, in part, the incorporation of benzal
konium chloride (BAK) in the gatifloxacin drop.32 

Even more telling, perhaps, was the second  
report. Callegan and coworkers likewise tested 
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FIGURe 2 

 
Mean and median fluoroquinolone concentrations in conjunctival tissue (mITT population)

  besifloxacin  Moxifloxacin  Gatifloxacin 
  0.6% (μg/g)  0.5% (μg/g)  0.3% (μg/g) 
  N = 36  N = 36  N = 36

15 minutes  Mean (SD)  2.30 (1.42)  10.7 (5.89)  4.03 (3.84)
 Median  1.65  9.23  3.04
30 minutes  Mean (SD)  2.29 (1.30)  4.04 (4.16)  2.76 (0.737)
 Median  1.75  2.80  2.61
24 hours  Mean (SD)  0.0338 (0.0262)  0.0248 (0.0309)  0.0186 (0.0133)
 Median  0.0309  0.00895  0.0127

Notes: Biopsies were performed at 15 ± 1 minute, 30 ± 1 minute, 2 hours ± 5 minutes, 6 hours ± 15 minutes, 12 hours ± 15 minutes, and 24 hours ± 
15 minutes. Biopsy samples containing a concentration of drug below the lower limit of quantitation (LLOQ = 17.9 ng/g) were assigned a value equal to 
one-half the LLOQ (8.95 ng/g).

Abbreviations: mITT, modified intent-to-treat population (N = 108); SD, standard deviation. (Source: Reference 26)

TabLe 5 
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of the endophthalmitis study of the European 
Society of Cataract and Refractive Surgeons 
showed an absence of statistically significant 
benefit to perioperative application of topical 
levofloxacin (versus significant benefit to the 
intracameral injection of cefuroxime).37 

However, this European study was not de
signed to gauge the efficacy of topical prophylaxis 
as it is currently practiced in the United States. 
First, the topical antibiotic was not started preop
eratively, but instead first administered 24 hours 
after surgery. Second, levofloxacin is not among 
the more potent, newer generation fluoroquino
lones. And finally, the study was underpowered 
for any determination of topical agent efficacy. 

However, fluoroquinolones clearly differ in 
the penetration levels they achieve after topical 
administration. In 2009, Japanese researchers 
working with rabbits found that 0.5% moxi
floxacin achieved significantly higher concen
trations in the cornea and aqueous humor at  
30 minutes and 90 minutes than either 0.3% gati
floxacin or 0.5% levofloxacin.36   This confirms a 
number of studies, in human eyes, all of which 
found a similar ranking of tissue and fluid drug 
concentrations.

It remains unknown how well—if at all—this 
increased intraocular penetration translates into 
clinical advantage. In terms of surgical prophy
laxis, for example, the recently reported results 
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appear to be an exceptionally useful quality in a 
preservative or any other component of a topical 
antimicrobial. 

Mah and coworkers extended such findings to 
show in vivo efficacy in a rabbit keratitis model, 
with BAKpreserved gatifloxacin demonstrating 
significantly increased antibacterial potency over 
that of gatifloxacin alone.42 

Still other studies have shown that BAK lowers 
the mutant prevention concentration (MPC) of 
gatifloxacin and moxifloxacin 32 to 1,000 fold.29 

A pharmacodynamic measure with increasingly 
clinical importance, MPC is defined as the anti
microbial drug concentration required to inhibit 
the growth of the least susceptible cells in high
density bacterial populations.

BAK and Penetration

In addition, research suggests that BAK can 
enhance a topically applied drug’s intraocular 
penetration and concentration—perhaps by act
ing on the tight epithelial cell junctions that are 
known to act as a significant barrier to complex 
molecules. By opening, or “roughing up,” these 
epithelial junctions, BAK may enhance passive 
diffusion of antibiotics into the corneal stroma 
and aqueous humor.43   

Of course, the “dark side” of BAK’s penetration
enhancing effect is its potential for tissue toxic
ity—seen primarily with longterm use. In this 
regard, it has been heartening to see that BAK’s 
enhancement of fluoroquinolone kill rates appears 
to be independent of concentration.29 Recent  
cytotoxicity studies with rabbit corneal epithelial 
cell layers showed BAKpreserved gatifloxacin to 
have significantly lower cell toxicity in compari
son to unpreserved moxifloxacin at 15minute 
and 30minute exposures.44 

Given the inexorable ability of bacteria to evolve 
resistance to new antimicrobials, the continu
ing efficacy of ophthalmic antibiotics hinges on 
continuing research and development. However, 
molecular tweaking of the quinolone base mol
ecule may have its limits. This has led to growing 
interest in formulation enhancements that might 
provide the extra edge needed to tip pharmaco
dynamics in favor of clinical resolution even in 
the face of moderate levels of bacterial resistance. 

Benzalkonium Chloride

One such tack exploits the known antibacterial 
properties of preservatives such as benzalkonium 
chloride (BAK). Widely used in topical ocular drug 
formulations, BAK appears particularly effective 
in enhancing fluoroquinolone kill rates of resis
tant organisms.38 Currently, topical ophthalmic 
formulations of both gatifloxacin (0.3% and 0.5%) 
and besifloxacin incorporate BAK as a preservative.

A detergent preservative, BAK kills by disrupt
ing the lipid bilayer of bacterial membranes.39 By 
itself, it has been shown to be extremely effective 
in killing Gramnegative bacteria such as Serratia 
marcescens, though less so for Pseudomonas aeru-
ginosa.40 When combined with exposure to fluo
roquinolones, BAK’s bactericidal action appears 
to extend to Grampositive organisms.29 

In in vitro studies against MRSA isolates, for 
example, BAK lowered the MICs of gatifloxacin 
against MRSA and other Grampositive organ
isms 8 to 2,000 fold.41 The authors of the study 
note that BAK’s antimicrobial enhancement of 
fluoroquinolone potency does not appear to be 
influenced at all by whether an organism is sus
ceptible or resistant to traditional antibiotics. 
As resistant bacteria become an increasingly 
common problem in ophthalmology, this would  

Novel Enhancements to the Potency  
of Topical Fluoroquinolones
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Conclusion: Selecting and Augmenting  
Ophthalmic Fluoroquinolones

Compared with older fluoroquinolones 
and other ophthalmic antibiotics, the potency  
advantages of the newer fluoroquinolones include 
broader spectrum of activity, lowered MICs, and 
improved ocular penetration. These advantages 
stand out, in particular, in the context of the types 
of Grampositive organisms isolated in the major
ity of postoperative infections.49 Current genera
tion fluoroquinolones also encounter less bacterial 
resistance than any other group of commercially 
available ophthalmic antibiotics—an advantage 
that appears to be based on their dual action 
against both topoisomerase IV and DNA gyrase 
enzymes in the bacterial cell.

As such, science supports the use of current gen
eration fluoroquinolones (gatifloxacin, moxifloxa
cin, and besifloxacin) as the broadestspectrum 
and most potent topical antibiotics commercially 
available for the treatment and prevention of ophth
almic bacterial infections.

Yet bacterial resistance is increasing against 
even these, our most potent topical antimicro
bials. Most troubling of all, perhaps, are the rare 
but potentially devastating postoperative infections 
that fail to respond to firstline or even subsequent 
treatment. For this reason, there are now situations 
where it may be prudent to combine a newer fluo
roquinolone with a second nonfluoroquinolone 
antibiotic when treating an infection that poses an 
immediate threat to vision. Generally, these situ
ations involve a high index of suspicion of fluoro
quinolone resistance—either because an infection 
failed to respond to initial treatment or the patient 
has one or more risk factors for MRSA colonization.

In nonvision threatening infections, I will 
combine a latest generation fluoroquinolone with 
polytrim, tobramycin, or azithromycin, with the 
aim of achieving a synergistic effect that can over
come most types of bacterial resistance. In more 
advanced infections, I will combine the latest
generation fluoroquinolone with fortified anti
biotics such as vancomycin until culture results 
are available for further guidance. 

Enhancing Dwell Time

As mentioned, extending a drug’s dwell time 
on the ocular surface is a longstanding goal in 
ophthalmic pharmacology. Blinking and lacrimal 
drainage rapidly clear standard aqueous eye drops, 
resulting in an average half life on the ocular sur
face of just 44 seconds.45 Such rapid elimination 
challenges the killing action of even the highly 
concentrationdependent (vs timedependent) 
fluoroquinolones. 

In addition, increased surface dwell time may 
extend postoperative protection against periocu
lar microflora and other microbial contaminants 
of the ocular surface. It can likewise be expected 
to enhance penetration into ocular tissues such 
as the corneal epithelium and conjunctiva, which 
can then act as reservoirs, releasing absorbed  
antibiotic back into the tear film over time.

A polymeric mucoadhesive delivery vehicle 
designed specifically to extend the residence 
time of aqueous ophthalmic solutions has been 
incor porated into a variety of topical drops over 
the last 15 years, including tear replacement  
solutions and sustainedrelease glaucoma medi
cations. As predicted, its incorporation into an 
antibiotic drop (azithromycin) was shown to  
extend the drug’s residence time on the eye and 
significantly increase tissue concentrations in 
both the conjunctiva and cornea.46  

Recently, besifloxacin was released with a 
mucoadhesive delivery vehicle. Proksch and col
leagues reported that, even at 24 hours after instil
lation of one drop, 4 μg/g of besifloxacin remained 
in the tear film.47 This represents many times the 
drug’s MICs for common ocular pathogens. 

Such extended concentrations support the 
convenient BID dosing schedule that has been 
adopted by many ophthalmic surgeons who use 
besifloxacin for perioperative prophylaxis. In 
terms of treating bacterial conjunctivitis—the 
use for which besifloxacin and virtually all topical 
fluoroquinolones earned their FDA approval—
the enhancement of dwell time with a polymeric  
mucoadhesive base may help explain besifloxacin’s 
accelerated Day 5 clinical resolution.48 
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1.  Research suggests that BAK can enhance 
a topically applied drug’s intraocular drug 
penetration and concentration by which of 
the following actions?
A. Killing epithelial cells.
B. Swelling epithelial cells.
C. Opening epithelial cell junctions. 
D. Entering epithelial cells. 

2.  Ophthalmic fluoroquinolones may dem
on strate potency against organisms that 
standard tests show to be “resistant” for 
which of the following reasons:
A.  Enhanced penetration.
B.  Enhanced tissue concentration.
C.  Both of the above. 
D.  Neither of the above.

3.  Chloramphenicol, the ophthalmic pre
cursor to the fluoroquinolones, was taken 
from the market for which of the following 
reasons?
A.  Ocular toxicity.
B.  Renal toxicity.
C.  Induction of aplastic anemia.
D.  Induction of autoimmune hemolytic 

anemia.

4.  In clinical studies, which fluoro quinolone 
had a 40% cure rate against multidrug
resistant MRSA and a 75% cure rate 
against VRE?
A.  Gatifloxacin.
B.  Besifloxacin.
C.  Pefloxacin.
D.  Sitafloxacin.

5.  Research suggests that fluoroquinolones 
primarily target which enzymes in which 
types of bacteria?
A.  DNA gyrase in Gramnegative 

bacteria and topoisomerase IV in 
Grampositive bacteria. 

B.  Topoisomerase IV in Gramnegative 
bacteria and DNA gyrase in Gram
positive bacteria.

C.  DNA helicase in Gramnegative 
bacteria and topoisomerase I in 
Grampositive bacteria.

D.  DNA helicase in Grampositive 
bacteria and topoisomerase I in 
Gramnegative bacteria.

6.  A 2006 report compared the in vitro 
efficacy of ciprofloxacin and gatifloxacin 
against keratitis isolates. It found which of 
the following resistance rates to be true?
A.  Half of all Gramnegative organisms 

were resistant to ciprofloxacin and 
3.8% were resistant to gatifloxacin.

B.  Half of all Grampositive cocci were 
resistant to ciprofloxacin and 3.8% 
were resistant to gatifloxacin.

C.  Just over 39% of Grampositive cocci 
were resistant to ciprofloxacin and 
3.8% were resistant to gatifloxacin.

D.  Just over 39% of Gramnegative 
organisms were resistant to 
ciprofloxacin and 3.8% were resistant 
to gatifloxacin.

7.  As a C8 chlorinated molecule, besifloxacin 
is a descendant of a previously developed 
subgroup of halogenated fluoroquinolones 
that included which of the following?
A.  Enrofloxacin and ofloxacin.
B.  Pefloxacin and sarafloxacin.
C.  Sparfloxacin and tosufloxacin.
D.  Clinafloxacin and sitafloxacin. 

8.  BAK kills bacteria through which of the 
following actions?
A.  Interfering with cell wall synthesis.
B.  Interfering with bacterial membrane 

synthesis.
C.  Opening pores in the bacterial cell 

wall.
D.  Disrupting the bacterial membrane’s 

lipid bilayer.  

9.  Studies show that BAK lowers the 
mutant prevention concentration of 
fluoroquinolones to what extent?
A.  32 to 1,000 fold.
B.  50 to 100 fold. 
C.  15 to 20 fold.
D.  46 to 240 fold.

10. When incorporated into ocular anti biotic 
drops, a polymeric muco adhesive base 
extended which of the following:
A.  The drug’s kill speed.
B.  The drug’s residence time.
C. The drug’s toxicity.
D.  The drug’s potency against Gram

positive organisms.


