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The twoAcanthamoeba species most often implicated in corneal keratitis,A. castelanii andA. polyphaga, were
exposed as cysts to polyaminopropyl biguanide (PAPB), a commonly used antimicrobial agent. Killing of
amoeba cysts was rapid and extensive, with fewer than 2% of either species surviving 30 s of exposure to 245
ppm of PAPB. Killing kinetics were biphasic, and further exposures of 15 min to 1 h killed greater than 90%o
of those surviving initial killing. This potency of PAPB, together with its low toxicity to humans when ingested
or applied topically, underscores the potential of PAPB as an antiamoebic agent.

Acanthamoebae are ubiquitous, free-living, cyst-forming
protozoa of soil, water, and air that cause a corneal keratitis
associated with contact lens use (85% of infected patients have
been contact lens users [9]). The rise in contact lens use and
the drug resistance of acanthamoebae are bringing increasing
attention to these organisms (11). In an encouraging study,
Larkin et al. (5) reported therapeutic activity for polyamin-
opropyl biguanide (PAPB, also known as polyhexamethylene
biguanide). This could be a major advance toward controlling
acanthamoebae, since PAPB is already known to be relatively
harmless (it is used as a disinfectant in swimming pools and as
a preservative in cosmetic and pharmacological formulations
[1]). To determine whether the compound works rapidly
enough and at concentrations low enough to be prophylatically
useful, we have adapted a quantitative bacterial plaque assay of
Acanthamoeba spp. (4) and used it to monitor the killing of
cysts by concentrations of PAPB suitable for contact lens
cleaning and disinfection procedures. These experiments indi-
cate that cysts of both A. castellanii and A. polyphaga, the
Acanthamoeba species responsible for most cases of amoebic
corneal keratitis, are vulnerable to rapid killing by safe con-
centrations of PAPB.
Amoeba cultures, obtained from the American Type Cul-

ture Collection (A. castellanii [8] ATCC 30010, A. polyphaga
[13] ATCC 30461), were grown in PYG medium (12) at 29°C
in polypropylene culture tubes (Falcon) for at least 4 weeks to
obtain encysted forms. By 2 weeks (A. castellanii) or 3 weeks
(A. polyphaga) growth had ceased. At that time, almost all cells
that excluded trypan blue (0.2%) were encysted, as judged by
microscopic observation of round, thick-walled, highly refrac-
tile cells.
Amoeba cultures, 1 to 2 months old and consisting of -90%

cysts (1 x 106 to 2 x 106/ml), were treated with PAPB by
adding 9 volumes of filter-sterilized solutions of 5, 10, 25, 50,
and 100 ppm of PAPB in borate-buffered saline (137 mM
H3BO3, 2.4 mM Na2B407 1OH20, 77 mM NaCl, pH 6.4) at
room temperature, thus giving final PAPB concentrations of
4.5, 9, 22.5, 45, and 90 ppm, respectively (the culture medium
had a marked protective effect against killing by PAPB, so all
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treatments were made at the same culture:PAPB solution
ratio). After periods of 30 s to 24 h, the treatments were
terminated by the addition of amoeba samples ('0.4 ml) to 3
ml of either melted Top Agarose (1% tryptone, 0.8% NaCl,
and 0.6% agarose [6]) or half-strength, melted Difco D/E
Neutralizing Agar (D/E Top Agar [3]). Also added was 0.05 ml
of an Enterobacter aerogenes (ATCC 13048) suspension (4 x
1010 cells/ml) that was prepared from cells grown on LB agar
plates (7) and suspended in 0.15 M KCl. These mixtures, which
were at 50°C, were poured immediately onto 100-mm plates of
SM/5 agar (10) and incubated for 4 to 8 days at 29°C. Plaques
were then scored visually. Assays were performed in triplicate,
and plates were reexamined 1 to 3 days after scoring to ensure
that killing, rather than delay in growth, was being observed.
The volumes assayed were chosen to give about 100 plaques
per plate, except where prevented by extensive killing. The
numbers of surviving amoebae were compared with those in
aliquots from the same amoeba culture diluted in borate-
buffered saline, which gave the same plaquing efficiency as did
dilution in PYG.
The plaquing efficiency of both species was 50 to 100% of

the microscopically scored, trypan blue-excluding amoebae.
D/E Top Agar produced a slightly higher efficiency and a
2-day-shorter plaque development period than Top Agarose.
However, the scoring of plates with D/E Top Agar was
complicated by a tendency to form small satellite plaques
around the primary plaques. This made it necessary to deliver
fewer amoebae per plate and to score the primary plaques
promptly. In either medium, A. castellanii plaques developed
about 2 days sooner than those ofA. polyphaga. Plaques ofA.
castellanii were circular and smooth edged and had a tendency
to merge with adjacent plaques. Plaques ofA. polyphaga were
less regular and contained lobes; they often formed boundaries
with abutting plaques.
Two characteristics of the assay were assessed: sensitivity

and kinetic accuracy. The limit of sensitivity is a single PFU per
plate. Scoring of rare plaques was unambiguous, since amoe-
bae within plaques were easily seen by microscopic examina-
tion. Since the most concentrated test mixtures (0.4 ml of
amoebae:PAPB solution [1:9]) initially contained about 0.5 x
105 PFU, we were able to detect fewer than one survivor per
104 PFU. Survivors were observed in every incubation except
those of A. castellanii at 90 ppm of PAPB for 21 h; conse-
quently, the determination of killing kinetics almost never
depended on maximum estimates. Top Agarose and D/E Top
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FIG. 1. Kinetics of killing amoebae with PAPB. Encysted amoeba cultures were exposed to various concentrations of PAPB for the indicated

times. Treatments were terminated by addition of aliquots to .7.5 volumes of D/E Top Agar followed by plating with E. aerogenes for plaque assays
as described in Materials and Methods. For each experiment, the number of amoebae initially present was determined by diluting the suspension
with borate-buffered saline lacking PAPB. For each incubation, the initial experimental point represents exposure to PAPB for 0.01 h. (A) A.
castellanii; (B) A. polyphaga. PAPB concentrations were 4.5 ppm (A), 9 ppm (O), 22.5 ppm (0), 45 ppm (*), and 90 ppm (0).

Agar gave comparable results. The accurate determination of
killing kinetics depends on PAPB action ceasing at the time of
plating. This was ascertained by adding PAPB separately to
Top Agarose and assaying its ability to kill both species of
Acanthamoeba subsequently added to the agarose with bacte-
ria. Killing in Top Agarose was barely detected (50%) at the
highest PAPB concentration used (0.36 ml of 100 ppm of
PAPB added to Top Agarose). No killing was detected in D/E
Top Agar, which contains lecithin, a compound known to
neutralize biguanides.

Killing of amoebae by PAPB occurred very rapidly. When
PAPB was neutralized by D/E Top Agar within 30 s after
addition of PAPB to amoeba cultures, we observed irreversible
killing of 30 to 99.7%, values that depended on the amoeba
species and PAPB concentration. These results are shown as

the shortest time points in Fig. 1. Killing of >99% of A.
castellanii was observed after 30 s of exposure to either 90 or 45
ppm of PAPB; >98% killing of A. polyphaga was observed
under these conditions. With 22.5 ppm of PAPB, 30 s of
exposure killed 97% ofA. castellanii and 89% ofA. polyphaga.
Since 30 s approaches the practical lower limit for initiating
and terminating a PAPB incubation, the rate of killing in the
initial 30-s phase was considered too rapid to measure reliably.

After the initial rapid phase, killing of the amoebae contin-
ued at a decreasing rate for 1 to 2 h (Fig. 1). The times
necessary to kill half the survivors ranged from 5 h (4.5 ppm, A.
polyphaga) to 5 min (90 ppm, A. castellanii), as determined
from the killing curves shown in Fig. 1. For the remainder of
the observation period, up to 24 h, killing was slower. Except at
the lowest concentrations, most killing occurred in the first 2 h
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TABLE 1. PAPB exposure times sufficient to kill
Acanthamoeba cysts

Organism and Time (h) to 99.9% killinga
amount (ppm)

of PAPB Assay 1 Assay 2

A. castellanii
4.5 >24 >24
9 >24 4.6,5
22.5 3 2, 3.3
45 0.3 ND
90 0.1 ND

A. polyphaga
4.5 >24 >24, >24
9 >24 >24, >24
22.5 >24 >24, 3.3
45 1 ND
90 0.2 ND

a Assay 1 and assay 2 differed only by use of D/E Top Agar and Top Agarose,
respectively, for the plaque assays. Where two numbers are given, they are the
results of replicate kinetic experiments. ND, not determined because Top
Agarose does not completely neutralize the toxicity of 90 ppm of PAPB.

(only 80% of the initial survivors died between 2 and 24 h of
PAPB exposure). At every time and PAPB concentration, A.
castellanii was 2- to 10-fold more sensitive than A. polyphaga.
The reason for this difference is unknown. The times necessary
to kill 99.9% of the amoebae are summarized in Table 1. The
kinetic results obtained by using Top Agarose are also ab-
stracted in Table 1. They were similar to those obtained with
D/E Top Agar over the lower PAPB range for which both
plating formulations are suitable. Since the approach to 99.9%
killing was quite gradual at low PAPB concentrations, esti-
mates of the time to reach that point varied considerably (see
A. polyphaga treated with 22.5 ppm of PAPB, Table 1).

The actual rate of killing is potentially even faster than is
shown in Fig. 1, since the PYG medium used for encystment
and storage of amoebae has a protective effect: survival of
amoebae diluted 10-fold with 4.5 ppm of PAPB for 15 min was
complete, whereas only half the cells survived this treatment
when diluted 99-fold. The difference was eliminated by adding
more PYG to the 99-fold amoeba dilution, thus making the
two dilutions equivalent with respect to PYG. The protective
effect can be quite dramatic at higher PAPB concentrations. At
25 ppm, the disinfectant became 100 times more effective when
the culture:PAPB ratio was lowered by a factor of 10. A
previous study (2) on antagonism of PAPB action by organic
material also showed a 10- to 100-fold reduction in Acan-
thamoeba killing at high PAPB concentration. Such an effect
might be important for therapeutic use of PAPB, since pa-
tients' eye fluids may similarly protectAcanthamoeba spp. from
PAPB toxicity. However, it should be negligible for in vitro lens
cleaning and disinfection procedures, since very small volumes
of eye fluids are associated with contact lenses (0.03 ml) and

since relatively large volumes of disinfectant and/or rinse are
customarily used for lens care.
PAPB has been used primarily as a preservative and an

environmental biocide. At the concentrations used in lens care
solutions, it is bacteriocidal but almost innocuous to amoeba
cysts. The minimal cystocidal concentration for clinical Acan-
thamoeba isolates is 1 to 4 ppm of PAPB with exposure for 2
days (5). Concentrations in the range of 45 to 90 ppm are
necessary to kill 99.9% in less than 1 h of treatment (Fig. 1,
Table 1). This concentration range is below that used either in
swimming pools or therapeutically (5). Thus, PAPB is well
suited for antiamoebic disinfection.
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