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Cefoxitin, cefuroxime, and cephalothin were added to dense populations of
beta-lactamase-producing enterobacteria, and the subsequent turbidity changes
were monitored continuously. Viable counts and antibiotic assays were made at
intervals after the addition of antibiotic, and the morphological appearances of
the organisms were observed. Cephalothin caused lysis ofmost of the organisms
tested, but even at high concentrations, after a few hours the antibiotic was
destroyed and the organisms recommenced logarithmic growth. Cefoxitin pro-
duced lysis of all the strains of Escherichia coli and Klebsiella species tested,
with supression of regrowth. With cephalothin and cefoxitin the viable counts
after the addition of antibiotic correlated with the turbidity measurements.
Cefuroxime infrequently caused lysis that suppressed multiplication, and the
organisms became long and filamentous while the turbidity readings increased;
the viable counts did not correlate with the turbidity measurements. Cefurox-
ime and cefoxitin were not destroyed by the beta-lactamases ofany of the strains
of enterobacteria that were studied.

Many enterobacteria produce beta-lacta-
mases, including cephalosporinases; cephalori-
dine and cephalothin lyse such enterobacteria,
but are destroyed after a few hours and the
organisms recommence logarithmic growth (3,
6). Cefazolin appears to be more stable to ce-
phalosporinases (3, 5). Cefuroxime is a new
semisynthetic cephalosporin that is active
against indole-positive Proteus species and very
active against Haemophilus influenzae (9). Ce-
foxitin is one of the cephamycin antibiotics,
which have been shown to be significantly re-
sistant to cephalosporinases (2, 7) and are ac-
tive against enterobacteria and Bacteroides
that are normally resistant to cephalothin and
cephaloridine (1). Intravenous doses ofcefoxitin
in humans produce higher serum concentra-
tions than does cephalothin (4). Using continu-
ous turbidimetric monitoring in a biophotome-
ter, we have studied the ability of cefoxitin,
cefuroxime, and cephalothin to lyse dense popu-
lations of enterobacteria and then suppress the
phase of regrowth. Other workers with the bio-
photometer have related their results to the
minimal inhibitory concentrations (MICs) of
antibiotics determined with an inoculum of 104
organisms/ml (6), but we have related our re-
sults to MICs for the denser population ofbacte-
ria that we found at the time of addition of the
antibiotic. The morphological appearance of or-
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ganisms after the action of cefoxitin and cefu-
roxime has been contrasted and correlated with
the viable count at intervals after the addition
of the antibiotic and with the biophotometer
tracings.

MATERIALS AND METHODS

Bacterial strains and their beta-lactamase activi-
ties. Isolates ofEscherichia coli, Klebsiella spp., and
P. vulgaris were obtained from clinical specimens at
Northwick Park Hospital Harrow, London, Eng-
land. The strains studied in the biophotometer were
selected to cover the range of speed of beta-lacta-
mase production as shown by the chromogenic ceph-
alosporin 87/312 (8). One drop of a solution of 87/312
(500 ,ig/ml) was added to an overnight broth culture
of each organism at 37°C; cleavage of the beta-lac-
tam ring was shown by a color change from yellow to
red, and the time taken for this change was noted.

MICs. Serial dilutions of cefoxitin, cefuroxime,
and cephalothin were made in Sensitest Agar (Ox-
oid, London); within 48 h of being poured, plates
were inoculated from a multiple inoculator that de-
livered approximately 0.03 ml of a suspension con-
taining 1 x 105 or 2 x 107 bacteria/ml. After incuba-
tion for 18 h the lowest concentration showing no
growth was regarded as the MIC.
Growth medium. The medium of Greenwood and

O'Grady (6), which has an osmolality of about 325
mosmol/kg, was used.

Turbidimetric system. Cultures were grown from
0.04 ml ofan overnight broth culture inoculated into
8 ml of medium to produce a concentration of ap-
proximately 3 x 106 bacteria/ml. This inoculum was
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chosen because it produced a short lag phase but still
allowed 100% transmission. Six stirred broth cul-
tures, at 37°C, were continuously monitored in a

Jouan (Paris) biophotometer. To one culture anti-
biotic was not added, and to each of the others a

different antibiotic concentration was added at the
same point in the logarithmic growth phase; before
the antibiotic was added, a sample was taken for a
viable count of each culture. The concentrations of
antibiotic were usually two, four, and eight times
the MIC for the denser population of the organism
(see MICs above). In some experiments a viable
count was done at hourly intervals after the addition
of the antibiotic, wet preparations of the organisms
were examined by bright-field microscopy, and their
morphological appearance was noted.

Assay of antibiotic in the culture medium. Anti-
biotic assays were done at intervals after the addi-
tion of the antibiotic. Experiments identical to those
described above were performed, but for the anti-
biotic assay all of the broth mixture was removed
and centrifuged, and the supernatant was passed
through a membrane filter (Millipore; pore size, 0.45
,um) to remove remaining bacteria. The filtrate,
undiluted and at suitable dilutions, was placed in
wells in agar plates. For the assay of cephalothin, a

suspension of Staphylococcus aureus (NCTC 6571)
was flooded over a plate of Sensitest Agar (Oxoid)
and the plate was dried; for the assay of cefoxitin
and cefuroxime, a suspension of Bacillus subtilis
spores was incorporated into a plate ofnutrient agar
(10). Each plate also included three wells filled with
known concentrations of the antibiotic being as-

sayed. After overnight incubation the diameters of
the zones of inhibition were measured. A graph was
constructed from the results of the standards, and
the antibiotic concentration ofeach test solution was
calculated.

Resistance of antibiotics to commercial beta-lac-
tamase. A commercial beta-lactamase preparation
(Whatman Biochemicals) made from B. cereus 569H
contained beta-lactamases I and II. Each vial con-

tained 50 U of beta-lactamase II (cephalosporinase).
The contents of the vial were dissolved in 5 ml of
distilled water, and 0.1 ml of this solution was used
for each test. Solutions containing 20 ,ug of each
antibiotic per ml were prepared in nutrient broth;
0.1 ml of beta-lactamase solution was added to 0.5
ml of antibiotic; the pH of all mixtures was 7. Each
was assayed immediately and after 10, 30, 60, and
120 min.

All were incubated at 37°C between samplings.
The antibiotic solutions, without beta-lactamase,
were also assayed. The assays were performed by
the method described above.

RESULTS
Beta-lactamase activity. The chromogenic

cephalosporin 87/312 (Fig. 1), used to estimate
beta-lactamase activity, undergoes a distinct
change from yellow to red when it is hydro-
lyzed by beta-lactamases. The time taken for
this to occur depends on the amount of lac-
tamase produced by the strain being tested.
Some of the strains we examined and the
times taken for the color change to occur were:

E. coli strains 17, 150, and 103, 5, 5, and 10
min, respectively; Klebsiella strains 19 and 21,
30 and 120 min. P. vulgaris strains failed to
produce a color change, even after overnight
incubation.
MICs. The MICs with two different inocula

are shown in Table 1; the larger inoculum was

the concentration of organisms found at the
time of antibiotic addition in the turbidimetric
studies. The larger inoculum resulted in a two-
to fourfold increase of MIC in most strains.

Turbidimetric studies. A typical example of
the changes in turbidity of E. coli is shown in
Fig. 2. After the addition of cephalothin and
cefoxitin to E. coli 103, lysis of the organism
occurred within 15 to 30 min. With 32 ug of
cephalothin per ml, twice the MIC against the
larger inoculum, the organism started to re-

grow at 2.5 h after the addition of antibiotic;
with a concentration four times the MIC, re-

growth was delayed for 6 h. With cephalothin,
similar results were obtained for all of the
strains of enterobacteria that produced beta-

CH,-CO-NH
S

N CHCHv9NO1
COO- NO N

FIG. 1. Structure of the chromogenic cephalospo-
rin 87/312.

TABLE 1. MICs of three cephalosporins against two sizes of inocula

MIC (/ug/ml) against:

Species Strain 1 x 105 organisms/ml 2 x 107 organisms/ml

Cephalothin Cefuroxime Cefoxitin Cephalothin Cefuroxime Cefoxitin

E. coli 17 4 8 4 8 8 4
E. coli 55 8 4 2 12 8 8
E. coli 103 8 4 4 16 8 4
E. coli 150 8 8 4 12 12 8
Klebsiella 19 2 2 2 8 8 8
Klebsiella 21 2 2 2 2 1 4
P. vulgaris 24 4 4 4 8 2 4
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FIG. 2. Copies of biophotometer tracings of six
cultures ofE. coli 103, showing the effect ofaddition,
at time x, of (A) cephalothin, 32 pg/ml, twice the
MIC; (B) cephalothin, 64 plg/ml, four times the MIC;
(C) cefuroxime, 16 pg/ml, twice the MIC; (D) cefu-
roxime, 32 pg/ml, four times the MIC; (E) cefoxitin, 8
pg/ml, twice the MIC; and (F) cefoxitin, 1,6 pg/ml,
four times the MIC.

lactamase: after lysis, regrowth occurred even
with concentrations eight times the MIC, up to
128 Amg/ml, although with the slowest beta-lac-
tamase producer, E. coli 55, regrowth was de-
layed for up to 12.5 h. Regrowth did not occur
after lysis by cefoxitin. After the addition of
cefuroxime at 16 and 32 ,ug/ml, turbidity con-
tinued to increase for 2.5 and 1.5 h, respec-
tively. This was followed by partial lysis, and
turbidity fell to an intermediate level that was
maintained until the end of the experiment.
When each antibiotic, at a concentration

twice the MIC for the larger inoculum, was
added to E. coli 150, cephalothin almost disap-
peared from the culture medium within 4 h, but
cefuroxime and cefoxitin remained in their ini-
tial concentrations (Table 2). The disappear-
ance of cephalothin was accompanied by re-
growth of the organism, commencing at 3 h
after the addition of the antibiotic, when the
antibiotic concentration had fallen below the
MIC for the smaller inoculum. A similar corre-
lation between the concentration of the anti-
biotic and regrowth of the organism, as shown
by a biophotometer tracing, was found for the
other organisms and antibiotics.
The time between the addition of antibiotic

and the recommencement of growth after lysis,
as shown by turbidity measurements, is illus-
trated graphically in Fig. 3. After the addition
of some concentrations of antibiotic, lysis did
not occur; for example, E. coli 17 with cephalo-
thin at the lowest concentration. The turbidity
measurements suggested that, with a concen-
tration of cefuroxime twice the MIC and E. coli
17, multiplication of the organism continued
without a decrease in turbidity; however, via-
ble counts during the first few hours after the
addition of antibiotic showed that there was a
10-fold decrease in the viable count, with a
suppression of regrowth and the formation of
very long filamentous forms (see below).
Even at low concentrations of cefoxitin, lysis
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TABLE 2. Antibiotic concentrations remaining at
intervals after the addition of cephalothin,
cefuroxime, and cefoxitin to E. coli 150

Antibiotic and concn
(ygIml)

Antibiotic concn (gg/ml) at time
(h) after addition of antibiotic:

0 1 2.5 4

Cephalothin, 32 32 8 1.5 0.5
Cefuroxime, 25 25 25 25 25
Cefoxitin, 12 12 11 14 12

E

MlCx2 MICx4 MICx8 MlCx2 MICx4
Esch. coli 17 Esch. coli 55

MICx8

I._

Esch. coli 103 Esch. coli 150

-Z

E._-

Klbsiella sp. 19 Klebsiella sp. 21

FIG. 3. Time from addition of antibiotic to re-
commencement ofgrowth after lysis of (a) E. coli 17
and E. coli 55; (b) E. coli 103 and E. coli 150; (c)
Klebsiella sp. 19 and Klebsiella sp. 21. NL, No lysis.
Symbols: U, cephalothin (CN); F1, cefuroxime (CR);
0, cefoxitin.
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was followed by a complete suppression of re-
growth with all strains of E. coli and with
Klebsiella sp. 21; with Klebsiella sp. 19, the
recovery was delayed for at least 8 h with the
lowest concentration of cefoxitin.
Viable counts and morphological appear-

ances. Cephalothin and cefoxitin caused lysis of
the strains of E. coli and Klebsiella spp., and
the surviving organisms morphologically were
predominantly spheroplasts with occasional rod
forms. With these two antibiotics the turbidity
measurements correlated with the viable
counts; cultures without antibiotic multiplied,
reaching up to 1 x 109 organisms/ml, and lysed
cultures resulted in counts of 1 x 104 orga-
nisms/ml. With P. vulgaris 24 the biophotome-
ter tracing did not show evidence of lysis after
the addition of cephalothin and cefoxitin, but
the turbidity remained at 60% transmission
and viable counts revealed that there was
suppression of growth; after 4 h without anti-
biotic the count was 1 x 109 organisms/ml, and
with 8 ,ug of cefoxitin per ml, twice the MIC,
the count was 5 x 107 organisms/ml and mor-
phologically all the organisms were sphero-
plasts.
After the addition of cefuroxime the viable

counts did not correlate with the turbidity mea-
surements. For example, for E. coli 17 the via-
ble count at antibiotic addition was 3 x 107
organisms/ml, and after 4 h it had fallen to 2 x
106 organisms/ml, but there was increase in
turbidity and the final plateau was only
slightly lower than that of the culture without
antibiotic. At 2 h after the addition of cefu-
roxime only long filamentous forms were seen
in the wet preparation, and after 4 h even
longer filamentous forms were seen. With E.
coli 55 the turbidity measurements showed a
decrease to 50% turbidity, and the viable count
decreased by 99% to 1 x 105 organisms/ml; with
E. coli 150 there was a turbidity decrease to
50%, with a viable count after 4 h of 2 x 104
organisms/ml. Regrowth was suppressed, and
the turbidity remained the same. Similar re-
sults were found with cefuroxime for all of the
other strains studied. When a high concentra-
tion of cefuroxime, 32 Mg/ml, was added to E.
coli 17, long filamentous forms were seen with-
out any reduction in turbidity.
Antibiotic assays. In incubated broth with-

out any organism, after 18 h of incubation a
solution of cefoxitin decreased from a concen-
tration of 16 to 12 ,ug/ml and a solution of
cefuroxime decreased from 8 to 6 ,ug/ml.
Resistance of antibiotics to commercial

beta-lactamase. In mixtures of beta-lactamase
(Whatman Biochemicals) with cephalothin and

cefuroxime the antibiotic had disappeared
completely after approximately 15 s; i.e., there
were no zones on the assay plate. After 2 h of
incubation the concentration of cefoxitin had
fallen from 20 to 12 jig/ml.

DISCUSSION
Biophotometer tracings are a useful method

for continuous monitoring of the interaction
between beta-lactam antibiotics and bacteria
that produce beta-lactamases. However, the
limitations of this method are shown by the
viable counts after the addition ofan antibiotic,
such as cefuroxime, when there may be a 90%
reduction of organisms but the tracing shows
increasing turbidity and a final turbidity only
slightly less than a culture without antibiotic.
The morphological response profile of beta-lac-
tam antibiotics has been extensively described
by Greenwood and O'Grady (6) and Greenwood
et al. (5): these workers used medium with a
lower osmolality for Proteus than that of the
medium for E. coli because they found that
Proteus spheroplasts were protected in the
lower osmolality. We preferred to use the same
osmolality in all of our experiments, and we
found that P. vulgaris 24, after the addition of
cefoxitin, showed a total absence of rods with a
large number of viable spheroplasts, but com-
plete suppression of multiplication.
For strains ofE. coli and Klebsiella, even at

an osmolality of 325 mosmol/kg, cefoxitin
causes rapid lysis of dense populations of enter-
obacteria, with complete suppression of re-
growth, in contrast to cephalothin which al-
lowed regrowth after a few hours. The resist-
ance of cefoxitin to beta-lactamases is con-
firmed by its stability in the presence of a com-
mercial beta-lactamase that immediately de-
stroyed cefuroxime and cephalothin.
For clinical use cefoxitin would be expected

to be superior to cephalothin, even for strains
with a similar MIC, and might allow less fre-
quent administration, for example, twice daily.
Cefuroxime has been found to be very similar
in action to cephalexin (6), producing long fila-
mentous forms without much lysis in many
strains of beta-lactamase-producing E. coli.
Multiplication of organisms was suppressed
and cefuroxime was not destroyed by beta-lac-
tamases, and these features may be sufficient
to give a good clinical effect.
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