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General Purpose Antimicrobial Ophthalmic
Solutions Evaluated Using New Pharmacokinetic
Parameter of Maximum Drug Concentration in Aqueous
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Purpose: In order to determine whether the one-component method for calculating drug
concentration in the aqueous (AQC,,,,) is useful for selecting an appropriate ophthalmic so-
lution, six general purpose antimicrobial ophthalmic solutions already on the market were
investigated.

Methods: The drugs examined were levofloxacin (LVFX), chloramphenicol (CP), erythro-
mycin lactobionate (EM), micronomicin sulfate (MCR), cefmenoxime hydrochloride
(CMX), and disodium sulfobenzyl penicillin (SBPC). Fifty microliters of each solution was
instilled into the cul-de-sac of New Zealand White rabbit eyes three times at 15-minute inter-
vals. The drug concentrations in the aqueous humor 10, 30, 60, 120, and 240 minutes after the
final instillation were examined by high performance liquid chromatography (HPLC) and/or
bioassay. The AQC,,,, was calculated using the one-compartment method.

Results: The calculated AQC,,,, was 2.5 pg/mL (HPLC method) and 2.28 pwg/mL (bioassay
method) for LVFX, 2.17 pg/mL for CP, and 0.45 pg/mL for EM. The AQC,,,, for CMX,
MCR, and SBPC could not be calculated by the one-compartment method.

Conclusions: The AQC,,,, of LVFX was higher than that of the two other general purpose
antimicrobial ophthalmic solutions. The AQC,,,, of these drugs might be a useful parameter
for selecting an appropriate ophthalmic solution for the treatment of infected eyes. Jpn J
Ophthalmol 2002;46:384-390 © 2002 Japanese Ophthalmological Society

Key Words: Albino rabbit, antimicrobial drug, maximum concentration in the aqueous,
ophthalmic solution, pharmacodynamics.

Introduction is the primary treatment for infectious diseases, a
number of ophthalmic solutions are on the market.
In the existing situation, each ophthalmologist se-
lects the appropriate ophthalmic solution and deter-
mines the dosage regimen based only on his/her own
clinical experience in using minimum growth inhibit-
ing concentrations of the drug as parameters of anti-
microbial efficacy.

We previously proposed the maximum concentra-
tion in the aqueous (AQC,,,), which indicates the
degree of ocular penetration of drugs, as a new pa-
rameter in the treatment of infectious eye diseases.!?
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are used in general ophthalmological clinical prac-
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The development of antibiotics and synthetic anti-
microbials that have a broad antimicrobial spectrum
and strong antimicrobial activity has greatly contrib-
uted to the progress of the treatment of infectious
diseases. However, the increase of resistant microbes
due to the indiscriminate use of these drugs has be-
come a serious problem throughout all fields of med-
icine. In the ophthalmological field, because the top-
ical instillation of antibiotics and synthetic antimicrobials
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not necessarily been evaluated using the same crite-
ria.>* In addition, not all the widely used ophthalmic
solutions have been developed recently, and some of
them have been used for a long time. However,
there have been no studies in which the ocular pene-
tration of these ophthalmic solutions is compared
and evaluated using identical criteria. In the present
study, six drugs from different chemical families
were selected from widely used ophthalmic solu-
tions. The intraocular drug dynamics of these drugs
was calculated as AQC,,,, (pg/mL), in order to pro-
vide basic data for more appropriate selection of
drugs for the treatment of bacterial ocular infection.

Materials and Methods
Materials

Ophthalmic solutions. Ophthalmic solutions used
in the present study were as follows (Figure 1).

1. 0.5% levofloxacin (LVFX) ophthalmic solution
(5 mg/mL) (Santen, Osaka), pH 6.2-6.8. Mo-
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lecular formula: C;sH,,FN;O, -
lecular weight: 370.38

1/2 H,0O, mo-

2. 0.5% Chloramphenicol (CP) ophthalmic solu-

3.

4.

tion (5 mg/mL) (Nitto Medic, Toyama), pH
6.0-8.0. Molecular formula: C;;H;,Cl,N,Os,
molecular weight; 323.13

0.5% Erythromycin lactobionate (5 mg/
mL)—Colistin sodium methanesulfonate (5
mg/mL) ophthalmic solution (Santen), pH
6.0-8.0

Molecular formula of erythromycin (EM):
C;,H¢;NOy5 - C,H»,04,, molecular weight of
EM: 1092.22. Molecular formula of colistin
(CL) type-A: CsgH;(sNsNasO,5Ss, molecular
weight of CL type-A: 1749.84. Molecular for-
mula of CL type-B: Cs;H;3N;cNasO,5Ss, mo-
lecular weight of CL type-B: 1735.82

0.3% Micronomicin sulfate (MCR) ophthalmic
solution (3 mg/mL) (Santen), pH 6.8-7.8. Mo-
lecular formula: C,(H4;N5O5 - 2 1/2 H,SO,, mo-
lecular weight: 708.77
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Figure 1. Chemical structures of the six antibacterial ophthalmic solutions.
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5. 0.5% Cefmenoxime hydrochloride (CMX) oph-
thalmic solution (5 mg [titer]/mL) (Senju, Osaka),
pH 6.0-8.0. Molecular formula: C;sH;7;NyO5S; -
1/2 HCI, Molecular weight: 529.80

6. 1% Disodium sulfobenzyl penicillin (SBPC)
ophthalmic solution (50 mg [titer]/5 mL)
(Senju), pH 6.7. Molecular formula: C;sHg
N,Na,0,S,, molecular weight: 458.43

Animals

Ninety-five male New Zealand White rabbits
(SPF) (body weight: 2.5-3.0 kg) were used in the
present study. They were reared and sacrificed ac-
cording to the Criteria for Use of Laboratory Ani-
mals in Kanazawa Medical University, and the
ARYVO Resolution on the Care and Use of Animals
in Vision Research.

Measurement of Drug Concentration

The drug concentration was measured using the
high performance liquid chromatography (HPLC)
method and/or the bioassay method. LVFX'® was
measured using both methods. CP,° CMX,”# and
SBPC’ were measured by the HPLC method, and
EM!? and MCR! were measured by the bioassay
method.

HPLC Method. The instruments used were a pump-
ing system (LC-10AD), an ultraviolet (UV) spectro-
photometric detector (SPD-10AV), a fluorescence
spectrophotometric detector (RF-10A), an auto-
matic injector (SCL-10A), and a data processor (C-
R7A). The column used for drug analysis was Shim-
pack CLC-ODS (all instruments were produced by
Shimadzu, Kyoto).

HPLC conditions for each ophthalmic solution
were as follows.

LVFX: Column temperature: 50°C, Mobile phase:
a mixture of acetonitrile and 0.04 M phosphoric
acid (1:4) (v/v), flow rate: 1.0 mL/min, detec-
tion: at 296 mn of excitation wave length (Ex)
and at 504 nm of fluorescent wave length (Em).

CP: Column temperature: 35°C, Mobile phase: a
mixture of methanol and distilled water (4:6)
(v/v), flow rate: 1.0 mL/min, detection: at UV
278 nm.

CMX: Column temperature: 45°C, mobile phase: a
mixture of acetonitrile and 0.05 M ammonium
acetate (1:4) (v/v), flow rate: 1.0 mL/min, de-
tection: at UV 278 nm.

SBPC: Column temperature: 45°C, Mobile phase:
0.05 M tetra-n-butylammonium containing a
mixture of 0.04 M phosphoric acid (pH 2.5) and
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acetonitrile (70:30) (v/v), flow rate: 1.0 mL/min,
detection: at UV 236 nm.

The quantification limit was 0.078 pg/mL in LVFX,
0.078 pg/mL in CP, 0.039 pg/mL in CMX, and 0.156
pg/mL in SBPC.

Bioassay Method. Bioassay was performed using
the cylinder agar plate method (the cup method),
and quantification procedure was conducted accord-
ing to the Japan Antibiotics Drug Research Associa-
tion Standards.

Preparation of inocula suspension. Approximately
1 X 108 cfu/mL (stock solution) of Bacillus subtilis,
ATCC6633, was diluted five-fold (approximately 2
X 107 cfu/mL). Then 1 mL each of this suspension
was added to each 100 mL of medium to prepare ap-
proximately 2 X 10° cfu/mL of inocula suspension.

Media

Agar medium for seed layer and that for base
layer were prepared according to Japan Antibiotic
Drug Standards: 6.0 g peptone, 1.0 g glucose, 3.0 g
yeast extract, 13.0-20.0 g agar, 1.5 g meat extract
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Figure 2. Drug concentrations of each ophthalmic solu-
tion in rabbit aqueous. ®: levofloxacin (LVFX)-high-per-
formance liquid chromatography, O: LVFX-bioassay, [
chloramphenicol, B: erythromycin lactobionate, A: cef-
menoxime hydrochloride (CMX), A: micronomicin sulfate
(MCR), B disodium sulfobenzyl penicillin (SBPC). *P <
.005. The results of comparing drug concentration of
LVFX with that of other drugs. Statistical analysis could
not be performed for CMX, MCR, or SBPC.
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Table 1. Drug Dynamics in Aqueous of Ophthalmic Solutions*

Ophthalmic

Solution (%)* 10 Minutes 30 Minutes 60 Minutes 120 Minutes 240 Minutes
LVFX (0.5)(H) 1.53 +0.38 2.57 = 1.00 2.33 = 0.60 1.47 £ 0.34 0.67 = 0.24
LVFX (0.5)(B) 1.38 =042 226 =0.78 2.11 = 0.62 1.49 = 0.33 0.66 = 0.27
CP (0.5) 1.30 = 0.44 233 £1.23 1.57 = 048 1.67 = 0.36 0.15 £ 0.04
EM (0.5) 0.16 = 0.00 0.18 = 0.07 0.39 = 0.18 0.47 = 0.20 0.25 *+0.11
CMX (0.5) 0.05 = 0.04 0.03 = 0.03 0.07 = 0.02 0.05 = 0.04 0.08 = 0.03
MCR (0.3) 0.04 = 0.00 0.04 = 0.00 0.06 = 0.05 0.04 = 0.00 0.06 = 0.05
SBPC (1.0) < 0.039 < 0.039 < 0.039 < 0.039 < 0.039

*Values are mean * SD pg/mL.

n = 6. LVFX: levofloxacin, H: high-performance liquid chromatography method, B: bioassay (cup)
method, CP: chloramphenicol, EM: erythromycin lactobionate, CMX: cefmenoxime hydrochloride,
MCR: micronomicin sulfate, SBPC: disodium sulfobenzyl penicillin.

were weighed and added to water to make 1,000 mL
of media at pH 6.5-6.6.

Preparation of sample solutions and quantifica-
tion limit of each drug. Ten milligrams (titer) was
adjusted to 100 mL using artificial aqueous humor
(BSS Plus®), and 100 pg (titer)/mL solution was
prepared. This solution served as a standard stock
solution. The standard stock solution was sequen-
tially diluted by a factor of double with artificial
aqueous humor, and 10, 5, 2.5, 1.25, 0.625, 0.312,
0.156 and 0.078 g (titer)/mL of solutions were pre-
pared. The collected aqueous humor was used undi-
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Figure 3. Comparison of measured drug concentrations
between high-performance liquid chromatography
(HPLC) and bioassay methods. O: HPLC method, e: bio-
assay method. The drug concentration in aqueous after
treatment with 0.5% levofloxacin ophthalmic solution was
measured using both methods, and no significant differ-
ences were observed at any time point.

luted as test samples. Quantification limit was 0.312
pg/mL in EM, 0.078 pg/mL in MCR, and 0.312 pg/
mL in LVFX.

Study Methods

Drug concentrations in aqueous. Exactly 50 pL of
each ophthalmic solution was measured using a mi-
cropipette, and was instilled into the cul-de-sacs of
rabbits. This treatment was repeated three times at
intervals of 15 minutes. After anesthetizing the rab-
bits with 0.4% topical oxybuprocaine hydrochloride
(Benoxil®), a 27-G X 1/2 needle was inserted into
the anterior sac and approximately 100 nL of aque-

HPLC

Bioassay

Figure 4. Correlation of measured drug concentrations by
high-performance liquid chromatography (HPLC) and
bioassay methods. R*> = 0.936. A strong correlation of
measured drug concentrations between HPLC and bioas-
say methods was observed.
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Table 2. Pharmacokinetic Parameters of Three
Ophthalmic Solutions

Ophthalmic AQC,,.f tmax’ AUC? tyl
Solution (%) (wgmL)  (h)  (sgh/ml) (b

LVFX (0.5)(H) 25 0.59 7.39 1.58
LVFX (0.5)(B) 228 0.64 7.42 175
CP (0.5) 2.17 051 3.46 0.63
EM (0.5) 043 1.76 2.07 122

*LVFX: levofloxacin, CP: chloramphenicol, EM: erythromycin
lactobionate.

TACQ,.y: maximum drug concentration in aqueous.

max: Maximum time to peak concentration.

SAUC: area under the concentration-time curve in aqueous.

It, »: elimination half-life.

ous was collected 10, 30, 60, 120, and 240 minutes af-
ter the final instillation to be used as samples.

Comparison of measured values between HPLC
and bioassay methods. The LVFX ophthalmic solu-
tion (0.5%) was instilled into rabbit eyes in the same
manner as above, and intraocular drug concentra-
tion was measured through HPLC and bioassay
methods using the obtained aqueous samples.

Calculation of pharmacokinetic parameters.
AQC,,,, time to peak concentration (t,,,,), area un-
der the concentration-time curve in aqueous (AUC),
and elimination half-life (t;,) were calculated using
the nonlinear least-square method according to the
one-compartment model,

Cp = P*[P,/(P,—Py)(e” —eP™)]."

Correlation between instillation dose and AQC,,,,..
The AQC,,,, of each ophthalmic solution calculated
using the one-compartment model was divided by the
instillation dose to obtain the penetration ratio to aque-
ous. As the value for CMX, SBPC, and MCR, the high-
est of actual measurement values was used.

Table 3. Correlation Between Instillation Dose and
Maximum Concentration in the Aqueous (AQC,,.y)

Ophthalmic Instillation ~ AQC,. AQC,,,/Instillation
Solution (%)*  Dose (ng) (ng/mL)  Dose Ratio (X1073)
LVFX (0.5) 750 2.5 3.33
CP (0.5) 750 2.17 2.89
EM (0.5) 750 043 0.57
SBPC (1.0) 1500 0.04 0.03
MCR (0.3) 450 0.06 0.13
CMX (0.5) 750 0.08 0.11

*LVFX: levofloxacin, CP: chloramphenicol, EM: erythromycin
lactobionate, SBPC: disodium sufobenzyl penicillin, MCR: micro-
nomicin sulfate, CMX: cefmenoximehydrochloride.
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Results
Drug Concentrations in Aqueous Humor

The maximum drug concentration of LVFX mea-
sured in the aqueous humor was 2.57 = 1.00 pg/mL
(HPLC method), and that of CP was 2.33 + 1.23 pg/
mL (HPLC method). The concentration of EM was
0.47 = 0.20 pg/mL (bioassay method). A very small
quantity of drug concentration of CMX and MCR
was detected in the aqueous. The concentration of
SBPC (HPLC method) was below the detection limit
of 0.04 (Figure 2, Table 1). The maximum drug con-
centration of LVFX and CP in the aqueous were ob-
served 30 minutes after the instillation, and that of
EM, 120 minutes after the instillation.

Comparison of measured values between HPLC
and bioassay methods. The LVFX ophthalmic solu-
tion (0.5%) was instilled in rabbit eyes, and intraocu-
lar drug concentration was measured by HPLC and
bioassay methods using the aqueous samples. The
maximum concentration 30 minutes after instillation
was 2.57 = 1.00 pg/mL using the HPLC method and
2.26 = 0.78 pg/mL using the bioassay method. The
concentration gradually decreased to 0.67 * 0.24 g/
mL in the HPLC method and 0.66 * 0.27 pg/mL in
the bioassay method 240 minutes after the instilla-
tion. The values measured at each time point using
the HPLC method were not statistically significantly
different from those using the bioassay method. In
addition, strong correlation was seen between the
values measured using these two methods; the corre-
lation coefficient (R?) was 0.936 (Figures 3 and 4).

Calculation of pharmacokinetic parameters. The
AQC,, was 2.50 pg/mL (HPLC method) and 2.28
pg/mL (bioassay method) for LVFX, 2.17 wg/mL for
CP, and 0.45 pg/mL for EM. The AQC,,,, for CMX,
MCR, and SBPC could not be calculated. Other pa-
rameters of each ophthalmic solution including t,,,.,
AUC, and t,,, are shown in Table 2.

Correlation between instillation dose and AQC,,,,,.
The LVFX (0.5%) solution showed the largest value
of penetration ratio to the aqueous (AQC,,,,/instilla-
tion dose) (3.33 X 1073), and the other values in de-
creasing order are 0.5% CP (2.89 X 107%), 0.5% EM
(0.57 X 107%), MCR, CMX, and SBPC (Table 3).

Discussion

In the present study, the six representative antimi-
crobial drugs from different chemical families were
selected from widely used ophthalmic solutions, and
the intraocular drug dynamics of these drugs were



M. FUKUDA AND K. SASAKI
EVALUATING SOLUTIONS USING AQCyax

SBPC (1.0)
MCR (0.3)
CMX (0.5)

NFLX (0.3)
E M (0.5)
CPFX (0.3)

OFLX (0.3)

LFLX (0.3)

389

LVFX (0.3)

C P (0.5)

LVFX (0.5)
0.0 0.5 1.0

1.5 2.0 2.5 3.0

AQCmax (pg/mL)

Figure 5. Comparison of maximum drug concentrations in aqueous (AQC,,,,) of 11 ophthalmic solutions.

compared using a new parameter, AQC,,,,. The in-
traocular drug dynamics of all the drugs selected in
the present study have already been investigated in
the process of drug development. The measurement
method used has been mainly the bioassay method
for the early generation drugs, while the HPLC
method alone, or both the HPLC and bioassay meth-
ods were used for the relatively new generation drugs.
The bioassay method measures drug concentration
considering antibacterial activity, and the measure-
ment of the dynamics of antibiotics and antimicrobials
using the bioassay method is always necessary. Only
in specialized studies is the bioassay method used to-
gether with the HPLC method to investigate the in-
traocular drug dynamics of antibiotics.

The same holds true for the six drugs used in the
present study. We measured the intraocular drug
concentration of not all six drugs but only of LVFX
using both methods. No significant difference was
observed between values obtained for LVFX through
the HPLC and bioassay methods. It was the first
time these authors attempted to obtain AQC,,,, us-
ing values measured through the bioassay method.
We methodologically confirmed that both methods
are reliable for investigating intraocular drug dy-
namics, as long as they are performed with highly ac-
curate techniques. Some of the present authors had

previously compared intraocular concentrations of 5
antimicrobial ophthalmic solutions of the same fam-
ily (fluoroquinolones) using AQC,,,..! The physico-
chemical characteristics of each drug differed, and it
could be presumed to some extent that the intraocu-
lar drug dynamics of each drug also differed. More
objectively, the intraocular drug dynamics of each
drug could have been compared by using AQC,,,, as
a parameter'? in the previous study.

In the present study, the AQC,,,, of six drugs of
various families other than fluoroquinolones was cal-
culated. The AQC,,,, of LVFX was the highest (2.57
pg/mL), followed by that of CP (2.33 wg/mL). The
AQC,,x of EM of macrolides was 0.47 pg/mL, indi-
cating that ocular penetration was relatively favor-
able. The AQC,,,, of CMX, MCR, or SBPC could
not be calculated, and it was confirmed that penetra-
tion into the aqueous of these three drugs was re-
markably different from that of LVFX, CP, and EM
(Figure 5). We previously confirmed that the AUC,
which indicates biological availability, was a useful
parameter for the evaluation of drug dynamics in the
aqueous humor, just as is AQC,,,,. Based on this
AUC and the penetration ratio to aqueous obtained
from AQC,,,, and the instillation dose of each drug
(a parameter indicating the extent of penetration of
drugs themselves), the penetration of LVFX, fol-
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Figure 6. Correlation between instillation dose and maximum drug concentrations in aqueous (AQC,,.,)-

lowed by that of CP and then EM, has been con-
firmed through the present study to be the most fa-
vorable (Figure 6). Most bacterial infectious diseases
in the ophthalmological field are extraocular infec-
tious diseases, and drugs are not necessarily required
to penetrate into intraocular regions unless the infec-
tion is severe. Thus, clinical effects by even the oph-
thalmic solutions with low AQC,,,, can be expected
if the drugs have effective antibacterial activity.
However, it is needless to say that the ophthalmic so-
lutions with high AQC,,,, are preferable for treating
the cases of infectious disease when intraocular pen-
etration of the drug is required. The minimum inhib-
itory concentration as a parameter of antimicrobial
activity should certainly be valued in selecting drugs,
but we authors believe that it is necessary also to
consider AQC,,,, in the treatment of infected eyes.

This paper was published in Japanese in the Nippon Ganka Gak-
kai Zasshi (J Jpn Ophthalmol Soc) 2002;106:195-200. It appears
here in modified form after peer review and editing for the Japa-
nese Journal of Ophthalmology.
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