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Acanthamoeba is a free-living amoeba causing a potentially blinding infection of the cornea. Contact lens
wearers are most at risk and account for some 95% of cases. Hydrogen peroxide is used for contact lens
disinfection due to its broad antimicrobial activity. Lenses must be neutralized before use to avoid pronounced
stinging and possible corneal damage. Neutralization is achieved by adding a catalyst during the disinfection
process (one-step) or afterwards (two-step). Here, the activities of commercial peroxide systems and individual
solutions against trophozoites and cysts of Acanthamoeba polyphaga were compared. All disinfection systems
were active against trophozoites, giving a =3-log (99.9%) kill within 1 h. Of the four one-step systems, only one
showed some cysticidal activity, giving a 1.28 * 0.41-log reduction. Both two-step systems were cysticidal, giving
a =3-log kill at 4 h. All system peroxide solutions were cysticidal, giving a =3-log kill by 4 to 6 h. Variation in
the cysticidal rate was observed with two solutions that gave a 1.8- to 2.1-log kill at 4 h compared with 3.0 to
4.0 for the rest (P < 0.05). No cysticidal activity was found with the peroxigen sodium perborate or the contact
lens protein remover subtilisin A. Two-step systems are cysticidal providing contact times of at least 4 h are
employed. Variation in cyst killing occurs between peroxide solutions, possibly due to formulation differences.
One-step systems are less effective against Acanthamoeba cysts due to rapid peroxide neutralization. The

cysticidal activity of one-step systems could be improved if neutralization rates were retarded.

Acanthamoeba is a genus of free-living amoeba found in
most soil and water habitats (21). The organism is character-
ized by a life cycle of a feeding and dividing trophozoite, which
in response to adverse conditions can form a dormant cyst
stage (21). Acanthamoeba cysts are resistant to desiccation
(16), extremes of temperature from —20 to 56°C (1, 12), and
most disinfectants at working concentrations (13).

Acanthamoeba is an opportunistic pathogen, causing fatal
encephalitis in the immunocompromised host (19) and, more
frequently, a potentially blinding infection of the cornea
termed acanthamoeba keratitis (4, 14). Contact lens wearers
are most at risk from infection, accounting for approximately
95% of reported cases (22, 23). Infection results from contam-
ination of lens care products, notably the lens storage case,
from which the organism adheres to the contact lens and is
inoculated onto the cornea (6, 14).

Acanthamoeba keratitis is one of the most difficult ocular
infections to treat (4). Therefore, compliance with recom-
mended hygiene procedures for cleaning and disinfecting
lenses is fundamental to safe contact lens use and hence the
prevention of infection. The two most common methods of
contact lens disinfection are the multipurpose solutions in
which a single solution is used for disinfecting, cleaning, and
storing lenses and hydrogen peroxide-based systems. Hydro-
gen peroxide is an effective microbial disinfectant, destroying
pathogens by oxidation (11). It is active against the resistant
cyst form of Acanthamoeba when used at a concentration of
3% with an exposure time of at least 4 to 6 h (5, 14). However,

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, University of Leicester, Medical Sciences
Building, P.O. Box 138, University Rd., Leicester LE1 9HN, United
Kingdom. Phone: 44 (0) 116 252 2950. Fax: 44 (0) 116 252 5030.
E-mail: skd6@leicester.ac.uk.

2038

hydrogen peroxide is toxic to the cornea and must be neutral-
ized before lens wear to avoid pronounced stinging, lacrima-
tion, hyperemia, and possible corneal damage (7, 8). One-step
hydrogen peroxide systems are available which do not require
a separate neutralization step. Here, neutralization is achieved
in the storage case during disinfection by using a platinum-
coated disk or soluble catalase tablet which catalyzes the de-
composition of hydrogen peroxide to water and oxygen. Two-
step solutions employ a separate neutralization step through
the addition of a catalase or sodium pyruvate solution after a
designated disinfection time.

Although previous studies have demonstrated the activity of
hydrogen peroxide-based contact lens disinfectants against
Acanthamoeba, none have evaluated the relative efficacy of
commercially available systems (15, 25). To this end we have
compared the activities of one-step and two-step hydrogen
peroxide contact lens disinfection systems, their respective so-
lutions, native 3% hydrogen peroxide, the peroxigen sodium
perborate, and the lens protein remover subtilisin A against
the trophozoites and cysts of Acanthamoeba polyphaga.

MATERIALS AND METHODS

Test strain and culture. The A. polyphaga Ros strain was used throughout the
study. The strain was originally isolated from an unpublished case of acan-
thamoeba keratitis in the United Kingdom in 1994. Trophozoites were grown in
tissue culture flasks at room temperature in a semidefined axenic culture me-
dium. The medium comprised 20.0 g of Biosate (BBL; Becton Dickinson, Ox-
ford, United Kingdom), 5 g of glucose, 0.3 g of KH,PO,, 10 pg of vitamin B,
and 15 mg of L-methionine per liter of deionized water. The pH was adjusted to
6.5 to 6.6 with 1 M NaOH before autoclaving at 121°C for 12 min. Penicillin-
streptomycin was added to a final concentration of 150 U/ml before use.

Cysts were prepared from late-log-phase trophozoite cultures using Neff’s
constant pH encystment medium (20). The trophozoites were washed three times
with the encystment medium by centrifugation at 1,000 X g for 10 min. Approx-
imately 107 trophozoites were added to 100 ml of encystment medium in a
175-cm? tissue culture flask with a filter cap (Nunc, Life Technologies Ltd.,
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TABLE 1. Hydrogen peroxide systems and solutions studied

System Neutralization Exposure time?
One-step
Concerto (Essilor) Platinum disk 6h
Oxysept 1 Step (Allergan) Catalase tablet (0.1 mg) 6h
Multi (Sauflon) Platinum disk 6h
AOSept 1-Step (Ciba Vision) Platinum disk 6h

Two-step
Oxysept 1 (Allergan)
10-10 (Ciba Vision)

Other
Hydrogen peroxide (3%; BDH)
Sodium perborate (6%; Fluka)
Sodium perborate, phosphate-citrate-buffered (0.06%; Sigma)
Subtilisin A (0.4 mg; Ultrazyme; Allergan)

Catalase solution (260 U/ml)
Sodium pyruvate solution (0.5%)

20 min—overnight
10 min-overnight

0.02% catalase
0.02% catalase
0.02% catalase
6 h

“ Manufacturer’s recommended contact time.

Paisley, Scotland) and incubated at 32°C for 8 days, after which microscopic
examination showed that >90% of the cells were mature cysts. The cysts were
recovered from the flask by gentle rubbing with a cell scraper and centrifuged at
1,000 X g for 10 min. The resulting cyst pellet was washed three times in 1/4
strength Ringer’s solution by centrifugation and thereafter stored at 4°C for
testing within 14 days.

The cysts were sonicated before use with three pulses at 50% amplitude each
for 5 s (Ultrasonic Engineering Ltd., London, England). Previous experiments
had shown that this removed cyst clumps without affecting viability. Cell counts
were performed with a hemocytometer and adjusted to a concentration of 107
cysts per ml.

Test solutions. Six commercially available hydrogen peroxide-based contact
lens disinfection solutions were studied (Table 1). Chemical solutions of 3%
hydrogen peroxide (BDH, Poole, England) and 0.06 or 6% of the peroxigen
sodium perborate (Sigma Chemical Company, Poole, England, and Fluka, Stein-
heim, Germany) were also investigated. The serine protease subtilisin A, from
the bacterium Bacillus subtilis, is used for the enzymatic removal of protein from
contact lenses (Ultrazyme; Allergan) in the presence of hydrogen peroxide in the
Oxysept 1 system. Experiments were conducted to determine whether subtilisin
A is cysticidal or if it enhanced the activity of hydrogen peroxide.

All commercial contact lens disinfection systems were tested according to the
manufacturers’ recommendations. In separate experiments the efficacies of the
hydrogen peroxide solutions in the one- and two-step systems were also com-
pared. With the one-step systems testing was conducted in the contact lens
storage cases supplied by the manufacturer. The two-step systems and solutions
were tested in sterile 50-ml polypropylene tubes (Becton Dickinson). All exper-
iments were performed in triplicate and repeated on three separate occasions.
Control experiments used 1/4 strength Ringer’s solution in place of the test solution.

Prior to testing, the pHs of all peroxide solutions were measured using a pH
meter (Jenway 3310; Jenway Ltd., Essex, England). The concentration of hydro-
gen peroxide during the assays was determined using Peroxid test strips (BDH).

Contact lens solution efficacy testing: one-step systems. Eighty microliters of
trophozoites or cysts was inoculated into 8 ml of contact lens disinfection solu-
tion in the manufacturers’ recommended contact lens storage case to give a final
concentration of 10° cells per ml. Immediately, the appropriate neutralizer was
added (Table 1). At time intervals of 0, 1, 2, 4, 6, and 8 h the solution was
vortexed for 10 s, and, in quadruplet, 20 pl was removed and added to 200 pl of
0.02% bovine liver catalase (Sigma Chemical Company) and left for 5 min to
neutralize the peroxide. Following vortexing, serial dilutions of 20 .l in 200 .l of
1/4 strength Ringer’s solution were then made across the rows of a 96-well
microtiter plate. Finally, 25 wl of Escherichia coli (JM101; optical density at 600
nm of 0.4) was added to each well, and the plate was sealed and incubated at
32°C for up to 7 days. The plates were inspected daily for 7 days for the presence
of amoebal growth (excystment and trophozoite replication) at the various dilu-
tions in the wells.

Contact lens solution efficacy testing: two-step systems and hydrogen peroxide
solutions. The two-step peroxide systems, chemical hydrogen peroxide, and
sodium perborate were tested. Eight milliliters of test solution was challenged
with 80 pl of cysts to give a concentration of 10° per ml. Assays were performed
as described for the one-step systems. Subtilisin A (Ultrazyme) was tested either

dissolved in 8 ml of 1/4 Ringer’s solution, Oxysept 1 Step, or the Oxysept 1 Step
system.

Sodium perborate. The minimum cysticidal concentration (MCC) of sodium
perborate was studied. The assay relies on the observation that Acanthamoeba
cysts adhere to the bottom of polycarbonate microtiter plate wells and remain
attached following drug exposure and removal by washing (13). Twofold dilu-
tions in 1/4 Ringer’s solution (100 pl) of 12% sodium perborate or 0.12%
buffered sodium perborate were made across the rows of a microtiter plate
(Triple Red Laboratory Technology, Oxfordshire, England). An equal volume of
103 cysts was then added to each well, and the plate was sealed and incubated at
room temperature overnight. Using a multichannel pipette, the solutions in the
wells were removed and replaced with 200 wl of 1/4 strength Ringer’s solution
and left at room temperature for 15 min. The washing procedure was repeated
twice more before finally filling the wells with 100 wl of 1/4 strength Ringer’s
solution containing live E. coli at an optical density at 540 nm of 0.2. The plates
were then sealed and incubated at 32°C for up to 7 days. The MCC was defined
as the lowest concentration of sodium perborate solution that resulted in no
excystment and trophozoite replication.

Data analysis. The number of surviving organisms at each time point was
determined using Reed and Muench computations (24) as previously described
for Acanthamoeba cyst viability enumeration (3). All experiments were per-
formed in triplicate and repeated on three separate occasions. The reduction in
viable cysts was plotted as delta logs with standard error of the mean for each
time point according to the following formula: log 7, — log T, where T,, is the
viable count at an experimental time point and 7, is the initial viable count at the
start of the experiment. Statistical analysis was performed using one-way analysis
of variance.

RESULTS

Trophozoites. All one- and two-step peroxide systems were
active against Acanthamoeba trophozoites, giving at least a
3-log reduction (99.9% Kkill) within the first time point of 1 h
(results not shown).

One-step systems. The activities of the commercial one-step
disinfection systems against Acanthamoeba cysts are shown in
Fig. 1. With the exception of AOSept, the systems gave a
<1-log reduction in cyst viability after 8 h of contact time.
AOSept gave a 1.28 = 0.41-log reduction in viability after the
manufacturer’s recommended contact time of 6 h and a 1.48 =
0.29-log reduction after 8 h (Fig. 1). However, this observation
was not statistically significant (P > 0.05). For all the systems,
exposure times of 24 h did not result in further cyst killing
beyond that observed at 8 h (results not shown).

Hydrogen peroxide pH and concentration of the solutions
during the disinfection-neutralization process are shown in
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FIG. 1. Activities of one-step hydrogen peroxide contact lens disinfection systems against A. polyphaga cysts. O, Concerto; A, Oxysept 1 Step;

0, AOSept 1-Step; <, Multi.

Table 2. All solutions had an initial hydrogen peroxide con-
centration of 3% that decomposed to 0% within 1 h for Oxy-
sept 1 Step and 4 h for AOSept 1-Step. Both Concerto and
Multi showed residual hydrogen peroxide after 6 h of 0.0002 or
0.0005%, respectively. The pH of the peroxide solutions
ranged from 3.25 to 6.45 but this had no influence on the
relative disinfectant activity (P > 0.05).

Two-step systems. Both the 10-10 and Oxysept 1 systems
were cysticidal, giving at least a 3-log reduction in viability after
4 h of contact time prior to neutralization (Fig. 2). The log
reductions after 1 h were <1, and they were 1.54 *= 0.39 and
1.39 =+ 0.33 after 2 h, respectively. No difference in the rate of
killing was found between the two systems (P > 0.05).

Hydrogen peroxide solutions. The cysticidal activities of the
individual hydrogen peroxide solutions used in the one- and
two-step systems are shown in Fig. 2. All solutions were active

against Acanthamoeba cysts, giving at least a 3-log reduction in
viability after 4 to 6 h of contact time. However, variation in the
rate of cyst killing was noted between solutions after 4 h of
exposure. Here, Concerto and AOSept gave a 1.76 = 0.04- and
2.08 = 0.08-log kill compared with 3.0 to 4.0 for the remainder.
This difference is statistically significant (P < 0.05). No signif-
icant difference was found between the efficacies of the com-
mercial contact lens peroxide solutions and that of the BDH
chemical solution, which gave log reductions of 2.83 = (.08
after 4 h and 4.25 after 6 h (Fig. 2).

Concentrations of up to 6% sodium perborate and 0.06%
phosphate-citrate-buffered perborate, yielding 1 and 0.02% hy-
drogen peroxide, respectively, were not cysticidal after 24 h of
exposure (Table 2).

OxySept 1 Step with subtilisin A. Subtilisin A (Ultrazyme) at
50 pg/ml in 1/4 Ringer’s solution showed no cysticidal activity

TABLE 2. Hydrogen peroxide concentrations during one- and two-step disinfection and log cyst kill

% Hydrogen peroxide over time (h)

System pH Log cyst kill at 6 h*
0 1 2 4 6 8
One-step
Concerto 585 3.0 0.02  0.01 0.0005  0.0002  0.00005 0.43 = 0.24
OxySept 1 Step 325 3.0 0 0 0 0 0 0.55 = 0.14
Multi 6.30 3.0 0.2 0.05 0.005 0.0005  0.0002 0.50 = 0.005
AOSept 1-Step 6.45 3.0 0.02 0002 0 0 0 1.28 + 0.41
Two-step
10-10 3.66 3.0 3.0 3.0 3.0 3.0 3.0 341 x0.217
Oxysept 1 335 3.0 3.0 3.0 3.0 3.0 3.0 3.85 +0.26"
Other
Hydrogen peroxide (3%) 520 3.0 3.0 3.0 3.0 3.0 3.0 425*0
Sodium perborate (6%) 9.5 1 1 1 1 1 1 0°
Sodium perborate, phosphate-citrate-buffered (0.06%) 5 0.02  0.02 0.02 0.02 0.02 0.02 0°

“ Manufacturer’s recommended disinfection time for one-step systems.

® Manufacturer’s recommended disinfection times are between 10 or 20 min and overnight.

¢ Exposure, 24 h.
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FIG. 2. Activities of hydrogen peroxide contact lens disinfectant solutions against A. polyphaga cysts. The last time point shown indicates the
total kill of the challenge inoculum. O, Concerto; A, Oxysept 1; [J, AOSept 1-Step; <, Multi; @, 10-10; X, BDH.

even after 24 h of exposure (Fig. 3). Addition of subtilisin A at
50 pg/ml to Oxysept 1 did not result in enhanced cysticidal
activity, giving a 3.55 = 0.41-log kill after 4 h compared with a
3.68 = 0.50-log kill with the peroxide solution alone (Fig. 3).
Use of the Oxysept 1 Step system with subtilisin A as recom-
mended by the manufacturer did not result in cysticidal activity

(Fig. 3).

DISCUSSION

The findings of this study demonstrate that 3% hydrogen
peroxide-based contact lens disinfection systems are effective

Log cyst kill

against Acanthamoeba cysts providing an adequate disinfectant
concentration and exposure time are maintained. This require-
ment is not met by one-step systems that rapidly neutralize the
peroxide resulting in no cysticidal activity (5, 15, 25). The
possible exception was found with use of the AOSept 1-Step
system, which resulted in a 1.28 * 0.41-log reduction after the
manufacturer’s recommended contact time of 6 h, compared
with a <1-log reduction for the other systems. However, this
observation was not found to be statistically significant (P >
0.05). The reasons for the apparent greater activity of the
AOSept 1-Step system are unclear as neither the pH nor the

Time (hours)

FIG. 3. Effect of subtilisin A on the Oxysept 1 Step hydrogen peroxide contact lens disinfection system against A. polyphaga cysts. The last time
point shown indicates the total kill of the challenge inoculum. O, subtilisin A (Ultrazyme); A, Oxysept 1 Step; [, Oxysept 1 Step + catalase +
subtilisin A; <, Oxysept 1 Step + catalase; @, Oxysept 1 Step + subtilisin A.
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rate of peroxide neutralization had a statistically significant
effect on the degree of cyst killing. Nor was the peroxide
solution of the system any more potent when tested alone
against cysts (see below). Possibly, other components of the
AOSept peroxide solution, such as the stabilizer, may interact
with the platinum catalyst to produce an additive effect.

The pH of the peroxide solutions ranged from 3.25 to 6.45
but this had no effect on the disinfectant activity (P > 0.05),
supporting the previous observation with testing against bac-
teria and fungi (17). The platinum-based systems neutralized
the peroxide more slowly than that using catalase, although
this did not affect the relative inefficacy of disinfection. Two of
the four systems (Concerto and Multi) failed to achieve com-
plete neutralization after the recommended disinfection time
of 6 h. However, the residual peroxide levels at this time of
0.0002 to 0.0005% (2 to 5 ppm) are not likely to cause irritation
to the eye as 30 ppm has been reported to induce cytotoxicity
and 100 ppm has been reported to cause noticeable discomfort
(8, 27).

In contrast, both the two-step systems, 10-10 and Oxysept 1,
were cysticidal, resulting in at least a 3-log kill after 4 h of
contact time and complete kill after 6 h. This observation is in
accord with previous studies for two-step systems (5, 13, 15).
As expected, the hydrogen peroxide solutions used in the one-
step systems were also cysticidal. However, variation in the rate
of cyst killing was observed at 4 h with Concerto and AOSept,
which gave a 1.8- to 2.1-log kill compared with a 3.0- to 4.0-log
kill for the remainder (P < 0.05). Reasons for the difference in
activity between the solutions are unclear but would not ap-
pear to be due to pH. The pHs of Concerto and AOSept were
5.85 and 6.45, respectively, compared with 3.25 and 6.3 for
Oxysept 1 Step and Multi, both of which gave at least a 3-log
kill at 4 h. Native 3% hydrogen peroxide (BDH) gave compa-
rable cyst killing to the contact lens disinfecting solutions.
However, use of homemade hydrogen peroxide contact lens
disinfectant is not recommended as it can contain stabilizers
such as phosphoric acid, acetanilide, phenacetin, and sodium
Stanate.

Unlike the requirements for efficacy testing of contact lens
disinfectants against bacteria and fungi, no standard protocol
for such testing exists for Acanthamoeba cysts (10). Conse-
quently, a variety of strains, methods for cyst preparation, and
assay protocols have been used (2, 3, 5, 9, 15, 25, 26). This has
frequently led to conflicting reports on the efficacy of contact
lens disinfectants, including hydrogen peroxide (2, 18, 26). Two
distinct methods for determining the activity of hydrogen per-
oxide against Acanthamoeba cysts and trophozoites were used
in this study. The microtiter plate assay enables the determi-
nation of MCCs and can be used for the screening of new
antiacanthamoebal therapeutic and disinfectant agents. Prom-
ising compounds can then be investigated further using the
time-kill assay (with an appropriate neutralizer) to study the
kinetics of cyst killing (3). It is hoped that this will lead to a
standardized method for Acanthamoeba disinfectant and drug
sensitivity testing.

This study has confirmed the efficacy of two-step commercial
hydrogen peroxide contact lens disinfection systems against
Acanthamoeba cysts providing a contact time of at least 4 h is
used before neutralization (2, 5, 15). The potential disadvan-
tage of hydrogen peroxide disinfection is that the lenses cannot

ANTIMICROB. AGENTS CHEMOTHER.

be stored in the solution (25). Therefore, once neutralization is
complete there is no residual disinfectant activity for continued
antimicrobial protection to prevent contamination by surviving
organisms or those introduced from the environment if the
case is opened (25). One-step systems offer the convenience of
a single disinfection-neutralization process and prevent the
painful consequence of inserting nonneutralized lenses into
the eye that can occur with two-step systems. However, one-
step systems may offer less protection against acanthamoeba
keratitis as the neutralization process occurs too rapidly to
allow cyst killing to occur. To this end, manufacturers should
consider developing one-step systems in which the neutraliza-
tion process is slowed to provide cysticidal activity.
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