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Introduction

The development of peniclllin as a chemo-
therapeutic agent has long since passed the stage
of preliminary investigation, although 1t has been
only five years since the first clinical trials were
made. At present, new methods of aaministration and
new uses for tihe drug are ovelng sougnt, wnile its
therapeutic properties are being more critically
analyzed and evaluated. The constant aim 1s to make
this drug more adaptable in the hands of the average
medical practitioner, and to determine its speciftic
applicavility in order that it may ve administered
less empirically.

A great step toward making penicillin a more
usable therapeutic agent has been made in the recent
investigations of the oral route of administration.
A review of the experimental work periormed, a dis-
cussion otf tne various problems encountered in tinis

work, and a presentation of the conclusions which

may be derived from the results of these investigations

are the primary objectives of this paper.
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DISCOVERY AND DEVELOPMENT OF PENICILLIN

The discovery of peniclllin was preceded by many
observations of the phenomenon of antiblosis. Pasteur
and Joubert (82), in 1877, were aware that certain air-
borne organlsms inhibited the growth of the anthrax
bacillus, and they suggested that this phenomenon might
be of use in the treatment of infections. We now know
that this inhibition of growth produced by certain micro-
organisms 1s due to the elaboration by the antagonistic
microbe of certain products which have definlte chemical
and blologic properties. |

The firet serious attempts to apply an antibliotle
for the purpose of treatment were made by Emmerich and
Loew (27) in 1899. These observers suggested that the
products of Baclllus pyocyaneus could be used for treat-
ing anthrax and diphtheria; however, pyocyanase never
has proved of i1mportant clinical value.

By this time we have all heard or read several
accounts of the acdidental manner in which Alexander
Fleming (30) discovered penicillin. Any discussion of
penicillin, however, would be incomplete without mention
of this great scientist and his acute observation, which
provided the corner stone upon which penicillin has grown

to become the master drug of 1945.



A pupil of Sir Almroth Wright, Fleming had peen
studying the destruction of bacteria by leukocytes Just
preceding the first World War. (33) Later, during the
war, while studying septlc wounds, he notliced that, in
general, chemical antiseptics were more destructive to
leukocytes than to bacteria. Having previously demon-
strated that leukocytes 1n pus possess & marked anti-
bacterial activity, he realized the futlility of using
chemical antiseptics in treating septlic wounds and,
therefore, sought other agents which would be antl-
bacterial without affecting leukocytes or other cells.

In 1922 Fleming (33) descrived lysozyme, a power-
ful antlibacterial ferment which he found occurring in
egg whlte and in human tlssues and secretions. Then 1n
September 1928, (30) while working in the laboratories
of the Inoculation Department, St. Mary's Hospltal,
London, he observed during a routine examination of
culture plates a clear ares around a large colony of
mold which was contaminating & culture of staphylococcus.
His long years of experlience and study of bacterlal in-
hibitors prompted his interpretation of thls phenomenon
as an indication that the mold was producing some kind
of bacteriolytic substance whlch caused the lysis of
staphylococcus colonies nearby. Subcultures of this

mold were grown in broth for one or two weeks and it was



found that the broth "had acquired marked inhibitory,
bactericidal and bacteriolytic properiies to many of
the more common pathogenic bacterial.

The colony of mold, according to Fleming'!s
description, 1s a '"white, fluffy mass" whlch enlarges
rapidly, and sporulates in a few days, the center becom-
ing & dark green which darkens to almost black in old
cultures. A bright yellow color appears and diffuses
into the medium in four or five days. At times a reddish
color can be observed in the growth.

The pH of the broth on which the mold grows varies
from 8.5 to 9.0. Acid is produced in three to four days
in glucose and saccharose broth, while no acid is pro-
duced 1n lactose, mannite or dulcite broth after seven
days. Growth is best at 20 degrees C. and slow at 37
degrees C., with no growth occurring aneroblcally.

Fleming end la Touche, a mycologlst, ldentifled
the organism as a member of the peniclllium, most close-
ly resembling Penliclllium rubrum. However, a later exam-
inatlion of this organiem by Thom%*, at the request of

Clutterbuck and his assoclates (18), revealed that 1t was

not Penlcillium rubrum, as Fleming had supposed, but a

* Mycologist in the U. 8. Department of Agriculture at
Washington, D. C.



stralin closely related to Penicillium notatum West-
ling in the Penicillium chrysogenum Thom series.

The active agent of this mold was found to be
readily filterable, and the name "Penicillin® was
used by Fleming to denote "the filtrate of a broth
culture of the particular penicillium with which we
are concerned®, He reported that this bacterlo-in-
hiblitory agent was very actlve toward Streptococcus
pyogenes, pneumococci, staphylococeci, gonococci and
meningococel, and that it was less active toward
Corynebacterium diphtherise and Bacillus anthracis.

He stated that 1t did not affect members of the coll-
typhold group and other intestinal bacilll, entero-
cocel, Friedlander!s pneumobacillus, Hemophilus in-
fluenzae and gram-negative cocci of the mouth. These
observations were confirmed later by Clutterbuck et. al.
(18).

The first use made of penicillin was the 1solatlon
of Hemophilus influenzae (Pfeiffer) and other organisms
insensitive to peniclillin, using the filtrate to inhiblt
contaminants. (30) Fleming later observed that any
organism sensitive to penicillin is, in most cases, ln-
sensitive to tellurite, and vice versa. By combining

penicillin and potassium tellurite, he lsolated the entero-

coccus which is insensitive to both. (31)



Penicillin was found to be non-toxic to anlimals
in enormous doses and non~-irritant locally. It did
not interfere with leukocyte formation or functlion to
a greater degree than did ordinary broth, and it was
suggested that it might be an efficient antigeptic for
application to, or injection into, areas infected with
penicillin-sensitive microbes. (30)

The next work done on penicillin was reported in
1935 by Roger D. Reld of Pennsylvania State College. (92)
He found that a 1:100 dilution of a broth filtrate ob-
talned from a strain of Peniclllium inhlbited sensitive
microbes. He noted also the effect of light, gases and
temperature upon penleclllin, and attempted to isolate
the active substance by distillation at low temperatures.

Five years later, Bornstein, (10) working at the
Beth Isesrael Hospltal, New York, made a report of the antl-
bacterial action of penicillin in broth cultures, using
& straln of Penlicillium notatum obtalned from Fleming.
His observations and those of Reid (92) agreed with those
of the Oxford workers published later. {15)

Ten years after the discovery of penicillin, the
practical applicatlon of the substance had not been in-~
vestigated. In 1939 and 1940, Dubos et al. (24)}(25)(58)

(69) published a series of reports on the antibacterisl



effect of an extract of a soll bacillus against gram-
positive coccl. Thlis extract was divided into three
active substances, the most active of the three being
gramacidin. All three substances showed marked bac-
terloclidal activity agalnst gram-positive organiems

in vitro, but gramaclildin proved to be toxiec in vivo.

The dlscovery of these substances 1s ilmportant in re-
latlon to penicillin because the reports of Dubos stimu-
lated a renewal of interest in the potential properties
of penlcillin. The first workers who became active in
developing penicillin were Chain, Florey et al. (15)

who had been working on lysozyme in the laboratories

of the 8ir William Dunn School of Pathology at Oxford.
They decided that a systematic investigatlon of the
chemical and biological propertles of substances pro-
duced by bacteria and molds would likely be very profit-
able, and began work at once.

In August 1940 the results of these investigators
were reported in Lancet. (15) Tals report included de-
talls of the methods of purification of penicillin, and
studies ol the bacteriostatic propertlies of penicillin
in vitro. It also contained information about the chemo-
therapeutic action of penicillin in animals. Thnese work-

ers used a fairly purified sodium salt of penicillin in



their investigatlons. They experienced great diffi-
culty 1n producing enocugh of the materisal, nearly 100
liters of the mold brew being required to obtain enough
penicillin to treat one patlient. They first grew the
mold in flasks, and later in large vessels when more
material was required. To prevent inactivation of
penicillin by contact with heavy metals, bedpans were
used as containers in which to grow cultures of Penicil-
lium notatum.

In 1941 these same investigators (3) presented a
more detalled report of the early experiments and of the
preparation of a fairly purified product of penicillin.
This report contained the first actusl data of the pos-
- 8lble clinical value of the materisl. After much labor,
enough of the material had been acquired for injection
into a human being. Peniecillin was given intravenously
to five patients with staphylococcic and streptococcic
infections, and by mouth to one baby with a persistent
staphylococcic urinary infection. It was applied local-
ly as drops to four patients with eye infections, in one
of whom & penicillin olntment was also applled to & rash
on the face. A favorable therapeutlic response was ob-
tained in all cases. Temperature fell and the general

and local condition improved. Also spirits and appetite



of the patients were improved. Seven of these patlents
had serious infectlions in the treatment of which sulfon-
amides or other forms of chemotherapy or surgery had

been triéd without benefit. Two of them dled. One of

the two was not given penicillin until late 1ln the course
of the infectlon, and the supply lasted for only flve

daye. The other patlent died because of a ruptured mycotlc
aneurysm. The peniclllin used contalned only 40-50 Oxford
unlts per milligram and, also, dosages were small and con-~
tinued only 4-6 days.

This work provided very strong evidence that penlcll-
lin was deserving of much more study, and that it would
likely be very valusble 40 the allied armed forces if it
could be produced in large quantities. It was obvlious,
however, that the intensive bombing of Englamd, which
wase golng on at that time, together with the very limit-
ed personnel, would make impossible any large scale pro-
ductlon of penicillin in England. Therefore, in the
sunmer of 1941, through the sponsorship of the Rocke-
feller Foundatlon, Florey and one of his associates,

N. G. Heatley, who devised methods of assay of penicilliﬁ
in connection with the experiments at Oxford, visited the
United States. (19) They were very anxlious to stimulate
interest in penicillin and alsgo to secure help in large-

scale production.



These men were very soon referred to Charles
Thom, principsl mycologist in the U. S. Department
of Agriculture at Washington, D.C. Florey also con-
sulted the Committee on Medieél Research of the Oifice
of Sclentific Research and Development. Soon he and
his colleague were taken to the Northern Reglonal Re-
search Laboratory, Department of Agriculture, in Peoria,
Illinois, to consult with a group of micro-blologlsts
in the fermentation divislon under the direction of
Robert D. Coghill. Members of the staff of this lsbor-
atory had had extensive experlence in mold fermentatlions
and it was thought that they were thé loglcal investig-
ators to begin work on penicillin. (19)

A short time later, Florey visited the laboratories
of the Mayo Clinlc where he congulted with W. E. Herrell
and Dorothy Hellman, who had been working with penicil-
lin since the early part of 1941. Heatley supplied
Herrell with approximately 100 milligrams of penicillin,
half of which had been prepared in the laboratories at
Oxford and contained 42 units of penlcillin per milli-
grem; the other half had been recovered from the urine
ol one of the patients treated at Oxford, and 1t con-
tained 20 units per miliigram. (50)

Florey then returned to Washington for further



congultation with those connected with government
agencles. Arrangements had been made with Dr. A. N.
Richards, Chairman of the Committee on Medical Re-
search of the O0fflce of Scientific Research and Develop-
ment for consultation with commercial drug houses 1n-
terested in the development of penicillin. In the fall
of 1941 Florey returned to England to continue his
studles with his colleagues at Oxford. He later carried
the experiences of the group to the battlefronts of
North Africa and Sleclly, and later still to our allies
in Russia. Because of his great contributlons to the
war effort, he was knighted,.as was Professor Fleming,
by his Majesty, King George VI of England. (50)

There were several drug companies, Merck, Squibb,
Pflzer, Abbott and Winthrop, who pioneered the develop-
ment of penicillin in this country. They had begun ex-
perimentation on production methods when é gecond meet-
ing was held in December, 1941. (19) Two difficulties
were qulte apparent at that time. One was that the drug
houses were afrald to pool their information for fear of
prosecution under the Sherman Anti-Trust Laws, and, sec-
ondly, the ylelds of penicillin were so low that it look-
ed 1mpossiple to produce a kilo of crude penicillin,

walch was thought to be the minimum amount needed for

10.
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its proper clinicsal evaluation.

It was indeed fortunate that by that time
A. J. Moyer, an associate of Coghill, (19) had found
& way of increasing the yields of penicilliin by at
least tenfold. This consisted of adding corn steep-
ing liquor to the medium upon which the mold grew.
Coupled with his efforts in strain selection, the ad-
dition of tihis liquor 1ncreased ylelds of penlcillin
from two up to forty Oxford unites per cc. Dr. Heatley
of Oxford remained several months at the laboratory in
Peoria and trained the workers there in the proper
techniques involved in the cylinder plate method of as-
say which he had devised in England.

Beeldes the workers at Peoria, several other groups
of recognized, competent clinical investigators were
assigned the task of obtaining data regarding the clin-
1051 appllicablility and use of penicillin. {18) Under
the chalrmanship of Dr. Chester 5. Keefer of the Evans
Memorial Hospital 1n Boston, Massachusetts, the selected
groups of investigators began thelr work on the clinlceal
testing program. Dr. Keefer had the dlfficult Job of
declding who should get penicillin and who should be
denied. He had to keep in mind that 1t was fundamental

that a comprehensive pilcture of the effectiveness of
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the materisl be obtained, especially because of our
military concern at that time. He examined all appli-
cations for penicillin and performed an excellent Jjob
of allocating the small avallable supplles of penlcil-
lin to types of cases where it was sure tc be of value,
and where sccurate information of its use and effective-
ness could be ovtalned. Such & program enabled the
Committee on Medlical Research {o get the maximum amount
of information with the very least expenditure of the
preclious material.

In August 1943, Keefer (6s) tabulated the reports
of 500 cases of various infectlions treated by 22 groups
of investigators accredited to the above-mentioned com-
mittee. Since thls was a great milestone in the develop-
ment of penicillin as a chemotherapeutic agent, the con-
cluslons of this report, which summarized all the es-
gsential clinical information on peniciliiin up to that
time, are presented below:

¥Penicillin has been found to be most effective

in the treatment of staphylococcic, gonococclc,

pneunococclic and hemolytic streptococcus infectlions.

It has been disappointing in the treatment of bac-

terisl endocarditis. Its effect ls particularly

striking in sulfonamide resistant gonococcic in-

fections.

“While the dosage schedule requlires additional in-

vestigation, it seems cliear that the average patlient

requiring intravenous or intramuscular injections
for serious staphylococcic infectlons requires a
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total of between 500,000 and 1,000,000 Oxford
units, and the best results have been observed
when treatment 1s continued for at least ten

days to two weeks. At least 10,000 units should
be given every two or three hours at tihe beginning
of treatment, either by continuous intravenous in-
jection or by interrupted intravenous or intra-
muscular injections.

“Satisfactory results are obtained in sulfonamide
resglstant cases of gonorrhea following the in-
jection of 100,000 to 160,000 units over a period
of forty-eight hours.

“Patlients with pneumococcic pneumonia frequently

recover followlng the use of 100,000 unlts given

over a period of turee.days. This is especlially
lgportant in sulfonamide resistant pneumococcic
infectlons. It may be necessary to give between

60,000 and 90,000 Oxford units dally for fowr to

seven days to get a maximum effect.

*In the treatment of empyema or meningitis it 1s

advisable 10 use penicillin topleally by inject-

ing it directly into the pleural cavlity or the
subarachnoid space."

The armed forees recognlilzed the possibllities and
potentlalities of produclng large amounts of peniclllin,
and Mr. Fred J. Stock, (26) chief of the Drugs and Cosmet-
ics Sectlon, & branch of the Chemlcales Divislon of the
War Production Board, urged industry to tackie this prob-
lem. During 1942 only experimental quantities of peni-
¢lilin had been produced. Most of the construction pro-
gram was carried out during the months of October, 1945
to March, 1944. Only 400 miliion units of peniciliin
were produced during January to June of 1943, but this

was increased to a production of 9.1 billion units dur-



ing the month of December, 1945, with a total pro-
duction for the year of 21,192,000,000. The pro-
ductlion in March 1944 was estimated to be at least
twice the total productlon in 194s, and for the year
1245 the productlon was expected to be three to four
times that of 1944. (19)

In September, 1943, A. L. Elder was appointed as
Penlclllin Coordinator. At this time, also, the War
Production Board's subsidiary, the Office of Production
Research and Development, came into the picture, and
with the asslstance of L. A. Monroe established sup-
plementary projects at the University of Wisconsin to
study fermentation, and &t Pennsylvania State College
to improve recovery methods. (19)

In May, 1244, production of penicillin had reached
sufficient quantity to enable the release of limited
quantities for civilian use. (4) This was handled by
the Penicillin Distribution Unit which was set up in
Chicago, Illinois by the War Production Board. Hospltals
placed orders for penicillin through this unit, and where
possible the drug was dispensed immediately to tanose who
ordered it. This plan was continued until March 15,
1945 at which time it was announced that producers and
distributors could sell this drug through normal com-

mercial channelis. (4) Rapid ssles were soon reported by

14.
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retallers. (6) The drug was moved from the whole-
salers' warehouses first to the hospitals who had
priority, and then to druggists for prescription sales.
It was released in viels containing 100,000 units of
sodium penicillin.

The supply of peﬁicillin was fairly adequate in
most communlties and no shortages were reported until
November, 1945. At that time it was reported (5) that
there was apparently a definite shortage of penicillin
for injection, and many physiclans were asking the reason
for this. It has been suggested (5) that manufacturers
stop making any doubtfully acting mixtures and that a
better quality of corn steep liquor be used until the
shortage 1s alleviated. ExXxport controls and dlrectives
glving hospltals first call on penicillin production
have also been proposed. (5)

The development of peniciliin, from both tae stand-
point of chemotuerapy and production, represents a true
modern miracle. Probably no drug has ever been so
thoroughly investigated and received so much publicity
-1in such a short space of time as has penicillin. All
pogslible resources have been utilized, and many men and
women have worked relentlessly to put this valuable,
lirfe-saving drug in the hands of poth the doctor on the

opattlefieid and the family physiclian. It has been used



empirically in many cases, but each day the medical
profession 1s coming ¢loser to & true evaluatlion of
its many properties. The next step is the synthesis
of the pure material. When this 1s accomplished,

the production program will have been completed.

16.



PRODUCTION OF PENICILLIN®
There are three main methods of producing penlicll-
lin, surfece culture, submerged culture and bran culture.

Several species of mold are used, although Penicilllum

17.

notatum is the one commonly associated with penicillin. (19)

1. S8urface Culture: This is the original stand-

ard method which was used for all the early production
of penicillin. Spores of the mold are seeded on the sur-
face of a culture medium and a heavy pellicle or mat of
mold mycelium forms.

Larger ylelds are obtained when smaller contalners
are used, e.g. 200 cc. Erlenmeyer flasks, although in
commercial production larger containers are used. Tials
1s due, in part, to the fact that 1n small flasks the
depth of the medium is only 1 to 2 cm. and nutrlents
difruse to the mycelium better. Commercially the yleld
per container 1s more important than the yleld per cc.
and the depths are lncreased to 3 to 4 cm.

On proper culture medium, yieids of 200 Oxford units
per cc. can be obtained in small Erlenmeyer flasks in 6
to 7 days, whille commercial ylelds from pottles or pans
vary from 50 to 100 units per cc. in 7 to 11 days.

#Thlis section, "Production of Penicillin' has been taken
almost entirely from a report by R. D. Coghlill of the

Fermentation Division, Northern Reglonal Research Labor-
atory, Peoria, I1l. See No. 19 in bibliography.



The main advantage of thls method of production
over the others which will oe described 1s that con-
tamination of the fermentation, if it occurs, does not
destroy a whole run. Contamination, of course, by
specles of Pseudomonas, Bacillus subtilis, and even cer-
tain strains of Escherichla colil, results in destructlion
of the penicillin by the enzymes produced by these organ-
isms. The very high labor cost incurred in this type of
production is the most serious objection to its use.
100,000 to 125,000 bottles are required to process 10,000
gallong of medium, which requires several days in even
the largest bottle plants.

2. Submerged Culture: Here the mold fermentation

1s conducted 1n large vats, where the mycellum grows 1in
a supbnmerged condition. It is necessary to aerate and
agltate the culture in some manner, in order to prevent
the surface growth which the organlsm prefers. To aoc-
complish this, the shaken flask can be used, or the cul-
tures can be placed in vats equipped with aerators and
agltators.

The mold grows &8s small pellets instead of the
large ones geen in surface culture, the slze of the
pellets varying inversely with the amount of inoculum
used. It 1s interesting to note that the strain of P.
notatum, NRRL 832, 1s only half as good as NRRL 1249.R21,

18.



in surface cultures, the reverse belng true under
submerged conditions. This indicates the great straln

~ variability of Penicillium notatum. In small shaken
Tflasks, ylelds of 50 to 100 Oxford units per cc. can be
realized in 4 to 5 days. In vat cultures, ylelds of

40 units per cc. in two days can be obtained conslstent-
ly, and as high as 80 units per cc. on oc¢caslon.

As previously mentioned, the big advantage of the
submerged method of operation is the saving in labor.
However, the conditions under which the fermentatlon is
run are ideal for the development of contamination, and
any stray organisms which mlight enter at one place or
another grow abundantly in the nutrient medium, wlth 1ts
essentially neutral pH, and necessary aeration. Also,

& little contamination at the end of the run will com-
pletely eliminate the penicillin in a very short time.
From this it is easily seen that the successful produc-
tion of penicillin by this method 1s dependent upon the
experlence of the operators, and that one very slight
slip may easily ruiln a whole run of penicillin.

3. Bran Culture: This method conslsts in growing

the mold on molst bran. The bran may be spread thinly
in trays or processed in a rotary drum. It is first
seterilized and then inoculated with & culture of Penlcil-

lium notatum. After 2 to 4 days' growth, the substrate

19.
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may contain as much as 200 to 400 units of penlcillin
per gram of dry bran. It is then placed in percolators
and the penicillin is thereafter recovered, following
ites extraction by a sultable solvent.

Two outstanding difficulties are encountered with
this method of production, namely, that bran 1ls 41ffi-
cult to sterilize, and that 1t is likely to hold the heat
produced during fermentation so that the temperature 1is
elevated above 24 degrees C., at which polnt penlecllilin
production occurs best. A big advantage of this method
however, is that large amounts of peniclllin can be pro-
duced wlth much less labor than is required 1n the sur-
face culture method previously described.

4, Recovery Methods: The mold mycellum, or bran,

ig first removed by the centrifuge or by filtration,
leaving & clear, yellow to brown solutlon. To prevent
contamination, this broth must be protected by chilling,
by the addition of a disinfectant, or by aséptic hand-
ling. Any slight contamination at this point will destroy
the run as there 1s very little penicillin present. The
usual content of 30 to 100 units per cc. 1s equivalent,
roughly, to between 0.002 and 0.008 of 1 per cent of
penicillin.

The pH of the broth ls then set between 2.0 and 3.0

and all of the free organic aclds are extracted into a



golvent such as ether, chloroform, or amyl acetate.
Peniclllin is very unstable at this pH so the ex-
traction must be carried out at as low a temperature
a8 possible, and as quickly as possible. The solutlion
of the penicillin is then shaken out wlth aqueous sod-
ium bicarbonate to obtaln a solution of the sodium salt,
or with a calcium base to yleld the calcium salt.
Penlicillin must be packed absolutely dry because
of its fundamental instabllity in aqueous solution.
However, extenslve decomposition takes place if it 1is
dried at ordinary temperatures, so it has to be frozen
and dried from that state. This freeze-drying operation
may be carrled out in builk or in the final ampule. The
final product is a powder ranging from pale yeilow %o
dark brown, and it generally contains 100 to 500 units
per mg. It 1s rigorously tested for potency, sterility,
toxicity and pyrogens, all of which is under the con-

trol of the Food and Drug Administration. (19)(64)
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STANDARDIZATION CF PENICILLIN

The basis for the methods of assay commonly used
for determining the potency of penlclllin solutlons is
the inhibition of bacterial growth. As this paper 1ls
not intended to be primarily a discussion of the methods
of assay of penicillin, a detailed description of the
various technics will not be presented. However, a brief
review of the methods and thelr variatlons as used by
different lnvestigators will perhaps give some 1ldea as
to how the work 1s done.

1. The Oxford Cup method was designed by Heatley

and descrived in the original reports of the Oxford work-
ers. (3) Heatley later described it himself in more de-
tall. (47) In this method peniclllin is allowed to dif-
fuse out 1nto agar plates from small glass cups, and the
diameters of the zones of inhibition of bacterial growth
are measured. The Oxford investigators (3) originally

set up a standard--"a partially-purified solution of pure-
ly arbitrary strength. It is made up in dilute phos-
phate buffer, 1s saturated with ether, and is kept 1n

the ice-chest. It gives an average assay value of 24 mm.".
Their arbitrary unit, then, was “"that amount of penieil-
lin whaich when dissolved in 1 cc. of water gives the

same inhibition as this standard®. This was called the



"Oxford unit" and is at present used interchangeably
with the term "Florey unith.

According to Kirby and Rantz, (67) the Oxford
method 1s not satisfactory for clinical use because the
concentrations of penicillin, especially in the blocd,
aré not large enough to produce adequate zones of in-
hioition. This method, however, has Deen the one most
generally used for routine assay purposes. (50)

Various modificatlions of the cup method have Dbeen

made. Pllter paper discs saturated with penicillin have
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been substituted for the cylinders by Vincent and Vincent,

(99) while Bacillus subtilis has been substituted for
Staphylococcus aureus as the test organism by Foster and
Woodruff. (39)(41) The first alteration is claimed to
gave time, while the second is made because larger zones
of inhibitlon are seen on the plate and the edges of the
zone are knife-sharp, thus reducing the error in measur-
ing the diameter of the zones.
2. Fleming (30) was the first to utilize the

serial dilution method. In such a method, the smallest

amount of penicillin which wlll completely lnhlbit bac-
terial growth in solid or liquid medis 1is the standard
with wihich unknowns are compared. Foster and Woodruff

descrived a variation of this method in which & broth
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dilution was used. (40) This method was alleged to
have an accuracy of 85 per cent. A qulck assay method,
whlch was also 'a modified serial dilutlon techniec,
using hemolysis as an indilcator, was described by Rake
and Jones. (87)

The unit of penliclillin was defined by Florey and
Jennings, (35) who used another serial dllutlon method,
as "that amount of penicillin which when dlassolved in
50 ml. of meat extract broth Jjust inhiblits completely
the growth of the test strain of Staphylococcus aureus®,
In other words, if the material contained one unit per
milligram it would Jjust inhibilt the growth of the test
atrain of Staphylococcus aureus in a dilutlon of 1:50,000.
If inhibition were complete at a dilution of 1:20,000,000,
the activity of the penicillin would be 400 units per
mllllgram.

3. In turblidimetrlic methods a range is selected in

which vacterial growth is proportional to penicillin con-
centration, and the standard curve is constructed from
turbvidimetric measurements of the bacterlal suspensions.
In other words, growth in various dilutions of unknown
peniclllin samples 1s compared with a standard curve of
inhibition, run dally side by slde with the unknowns.

The potency of the unknown 1s then computed with respect

1o the standard reference sample of established potency. (37)



25 .

Varlous modifications of thies method have been
suggested by Foster and Wilker, (38) by Joslyn, (61)
and by Lee and associstes. (69) Likewise, other
turbidimetric methods have been described by McMahan (74)
and by Holmes and Lockwood. (57)

Foster, (37) and Foster and Woodruff (40) described
this method as the most accurate (less than 15 per cent
error) means of determining penicillin concentrations.
However the technic 1s rather 4difficult, gnd a great deal
of experience 1s8 required to carry it out satisfactorily.

4. The tissue culture method of assay has been

found by Heilman (48) to be a satisfactory method for
determination of the amount of penicillin present in
glven samples. This method has the advantage of requlr-
ing small amounts of peniclllin for performance of a
large number of tests, and, too, very consistent results

are obtalined.

Methods of Assay Sultable for Determining the
Presence of Penicillin in Body Fluids

While the methods of assay of penicilliin previously
mentioned are satisfactory for the titration of penicil-
lin lots during production, and for some clinlcal studles,
their accuracy 1s not sufficlently high to be used 1in

gstudies of & chemical nature. Therefore, various methods



have been devised for more accurate determlination of
levels of penicillin 1n body flulds. The two most
extensively used methods were described by Rammelkanp
(88) and by Fleming. (32)

1. The procedure described by Rammelkamp has
Deen used widely and 1s excellent for routine deter-
minations. The test 1s said to be sensitive to con-
centrations as low as 0.0059 unit of penicillin per
0.2 cc. of the solution. The amount of unknown fluid
required is small, (0.2 to 0.9 cc.). This procedure
18 another form of the serial dilution technic. Kirby
end Rantz (67) have modified the technic to give a
narrower reange of dilutions, and consequently, greater
BCCUraCY .

2. The second method, described by Fleming, (32)
18 a modification of the Wright slide cell technic.
Thls has been found by Herrell and Heilman (49) to be
more reliable than the Rammelkamp method. . However,
Kirby and Rantz (67) state that the serial dilution
technic is unquestionably the most suitable for routine
clinical use.

3. The turblidimetric method of determining penicil-
lin concentrations has gained in popularity (61)}{69)

since Foster's description. (457) However, attempts to

26 .
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adapt turbidimetry to clinical use met with two serlous
difficulties, according to Kirby and Rantz. (67)
(a) Turbidities and colors of body flulds made com=-
parison with standards difficult, and (b) even with
highly enriched nutrient broth there was a marked non-
specific stimulation of growth of the organisms, es-
pecially with blood plasma and chest fluld. Except
for highly speclalized research procedures the turbldi-
metric technic will probably be employed very little.
Other methode of assay of penicillin in body fluids
have been described by Cooke, (20) Kakavas (62) and
others, but since they are modifications of procedures

already mentloned they will not be described here.

International Peniclllin Standards

An international conference was held for the pur-
pose of establishing standards for peniciliin. (98)
The following are paragraphs taken from the recommend-
ations of that conference.

“The International Unit equals the specific penicil-
lin activity contained in 0.6 microgram of the Inter-
national Peniclllin Standard.

¥The International Penicillin Standard is a speclmen
of the pure erystalline sodium salt of Penicillin II
or G." There 1s also an "Internstional Penicillin
Working Standard, the specific activity of which

has been determined in relation to that of the Inter-
national Standard. The International Peniclillin Work-
ing Standard for general distribution shall, for the



present, consist of a calcium salt of penlicillin.
2.7 micrograms of the present Internatlional

Penlcillin Working Standard" shall “be accepted
as contalning one International Unit of Penicillin.¥

The final check on the commercial penicillin pro- )
ducts 1ls made as follows, according to a report by
Keefer. {64) He states in his articie that "Before
distribution in interstate commerce, each manufacturer
nust submit sampies of each batch of any penicillin pro-
duct to the Food and Drug Administration for_examination

and must obtain a certificate showing that the batch com-

plies with the applicable regulations®.
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PHYSICAL AND CHEMICAL PROPERTIES OF PENICILLIN

It is commonly known that in the free state penicll-
lin exists as an organic acid wnich reacts chemically
to form salts and esters. Abraham and Chain (2) showed
penlcllin to be a dibasic acld which ls most unstable.
lLabile, free carboxyl groups are thought to be the maln
reason for its instabllity. Penlecillin and ite salts,
when exposed to alr, or when heated, lose activity and
it has been shown (2) that bacteria contaminating prep-
arations of penicillilin out of the alr will destroy
actlvity.

Penicilliin 1s very soluble in elther, alcohol, ace-
tone, ethyl acetate, amyl acetate, cyclohexanon and diox-
ane, whlle it 1s less soluble in benzene, chloroform and
carbon tetrachlorlde. Chain (14) states that free peni-
ciliin is soluble in water up to 5 milligrams per cublic
centlmeter. It 1s unstable when trested with dilute
aclds, alkalies, primary alcohols, oxidizlng agents and
neavy metals, but reducing agents do not affect it so
readily. At & pH range of & to 7 it is falrly stable,

but 1s qulte unstable below pH of & and above 7.

Sodium and Calclum 8alts

The sodium gnd calcium salts of penicillin have

been widely ilnvestigated, (3)(15)(51)(54) although sev-

29,
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eral other salts have been prepared. The sodium salt
is very hygroscoplc and is easglly destroyed by changes
in the hydrogen ion concentration of the surrounding
medium, and by oxidizing. Also, heat, primary alcohols
and heavy metals will alter 1t, necessitating storage
oI this salt at temperatures not higher than 5 degrees
C. However, when the salt 1s dissolved in physiologic
saline or glucose sgolution, it wlll remain potent at
least 48 hours at room temperature. (686)

The calcium salt is not hygroscopic, (35)(36)(54)
and can be stored, 1in the dry state, in sealed ampules
and at room temperature for as long as slx months wlthout
loss of potency. (54) It was thought by Clark et al. (17)
that the calcium salt was unsafe for intramuscular and
intravenous use because of certain toxic reactions follow-
ing injections into experimental animals. However, stud-
les carried out by Herrell and associates at the Mayo
Cliniec, (51)(52)(54)(55) and confirmed by Gyorgy and
Elmes, (44) proved the calcium salt to be satisfactory
not only for local use but also for the various forms of
systemlc therapy. It was shown to ve even less toxic

for cellular elements than the sodium salt.

Qther Salts and Esters

Other salts of penicillin which have been prepared
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include those of barlum, (2) strontium (13) and
ammonium. (56)(75) Meyer, Hobby and Chaffee (76)
prepared methyl, ethyl, n~butyl and benzohydryl esters
of penicillin, whlle Meyer, Hobby and Dawson (77) pro-
vided for reactlon of the free acid of penicillin with
the corresponding dlazo compounds. These esters were
found to be insoluble in neutral or slightly alkaline
buffefs, but very soluble in benzene, and could not be
preciplitated from chloroform-benzene solutions by 4ary
ammonia. Activity in vivo was higher than in vitro,
presumably due to hydrolysis of tihe esters with sub-
sequent liperation of active penicillin. The import-
ance of these esters is that they are not destroyed by
gastric Julces and therefore can be experimentally ad-
ministered by mouth. However, the dose of methyl and
ethyl esters required to protect experimental animals
agalnst certain inrections is so high that it will kill
fifty per cent of a group of animals to which 1t 1is
administered. The problem now is to prepare higher
esters whilch will prove less toxle, and which will re-
tain antibacterial activity, in the hope that a form of
peniclililin suitable for oral adminlistration can be

produced.
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Effect of Heavy Metals
Oxidsatlon and Reduction

Heavy metals, such as copper, lead, zinc and
cadmium greatly inactivate penicillin, while it 1is
affected to a lesser degree by nickel, mercury and
uranium. (2) The color of Fehling's solution 1is
cnanged from blue to green, although not because
peniclllin reduces the solution. Potassium pérman-
ganate and hydrogen peroxide completely oxidize, and
thereby stop all antibacterial actlon of penicillin.
Reducing agents are not so effective in killing the
power of penicillin as 1s shown by hydrogenation

experiments carried out by Abraham and Chain. (2)

Chemical Analysis

The empirical formula Cg,Hz50,NoBa (M.%.645), or
CozHznOgNoBa was suggested by Abraham and Chain. (2)
These men thought it very evident that there was one
ketonle, two acetylatable and one latent carboxylic
group. At least they found proof that penicillin pos=-
sessed an extremely uuastable chemical configuration.
Holiday (2) made spectrographic examinations of the
barium salt and concluded that 1t had a polysubstituted
hydroarometic ring structure, that the acldic groups
were not conjugated wlth the chromophore responsible

for the absorption, and that a trisubstituted alpha-beta
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unsaturated ketone grouping was possibly present. He
suggested the following formula and thought that R1

and Rg, and Rg and Rz might each be cyclleally combined.

R2 R
N
C=C-C=0
s
R3

Supsequently other investigations were carried out
concerning purlfication and chemistry of penicillin. A
strontium salt was used (15) and the formula CggHzs0piNSP
proposed. It was also pointed out (13) that when the
molecule of peniclllin was broken down, the following
were formed: (a) a colorless, water-goluble acld which
appeared on further hydrolysls to be a simple peptide,
(b) & yellow insoluble pigment (CygHgpOg or C1gHjg0sH20),
and (c¢) acetaldehyde, accompanied by very small amounts
of and alpha~beta unsaturated aldehyde. These investl-
gators found no carbon dioxide liberated during analysis
of penicillin, and they suggested that the plgment was
not a quinone. They thought also that the material ti-
trated as a monobasic acid, but that it was more likely
enollc in character.

The ammonium salt of penicillin was studied by
Meyer and his aseocliates. (75) Although thls salt was

fairly stable, the stability was increased by acetylation,
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and they found that the free acids of the acyl deriva-
tives formed fine needles which were about as active

in vitro as the original substance. These investlgators
proposed the formula Cy,4HygNOg or Cq4Hy7NOg plus HpO.
Thelr product was strongly dextrorotatory and possessed
an absorption meximum on gpectrographic examination of
2750 Angstrom units. In potency this peniclllin was
inferior to the preparation of Catch et al.,(13) the
Oxford unit value being 240 units per milligram, whille
that of the strontlium salt contalned 500 units per
miliigrame.



TOXICITY OF PENICILLIN

It seems that, in general, peniclllin has been
considered to be non-toxic. Fleming reported in his
original work (30) that penicillin was no more toxie
to animals to which he gave 20 cc. than was an equal
amount of nutrient broth. The injection of 0.5 cc.
into the peritoneal cavity of a mouse produced no
toxlic reactions, and no signs of irritation were noted
in human ceconjunctive which was irrigated with penicil-
1lin every hour for a day.

Later, the Oxford workers studled the toxic effect
of penicilliin on normal mice, rats and cats. Their
preparation of peniciliin was "purified only to the
stage of recdvering the sodium salt from a first ether
extract®, and contained probably less than four or five
units per milligram. (&) Only negligible toxic re-
actions and temporary blood changes were produced by
the injection of 10 mg. of this preparation in rats.

No histological changes were found in any of the organs
except "gome evidence that the tubule cells of the kid-
ney were damaged" in one rat. In the mice no toxic re-
actions were observable. No efrect was noted on the
blood pressure, heart beat and respiration of cats

after the intravenous inJjection of 40 mg. which produced
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& blood concentration of 1:5000 lmmediately after
injection.

These same workers (3) however, found that a
preparation of peniclllin contalning 40 to 50 units
per miliigram produced marked toxic reactlons in a
mouse and caused shivering attacks in afebrile human
subjects, with a rise in temperature lasting about an
hour. This preparation was found to contain pyrogens
and when a more highly purified substance, contalning
2060-325 units per mg., was injected into four mice, no
reactions occurred. (35} This indicates that more
highly purified preparations of penicillin are much
less toxie, or, that penlcillin preparations may con-
tain impurities which cause toxic resctions.

Gyorgy (44) used a calcium salt containing 230
units per milligram, in doses fifty tlimes the thera-
peutlc dose for human subjects, and found no toxic
reactions in mice when it was injected intramuscularly
or 1lntraperitoneally. Doses of 160,000 and 400,000
units of the calcium salt in aqueous solution did not
produce toxlec effects in human belngs, these doses
belng given by intravenous infusion over a twenty-four
hour period. Thig was contrary to the findings of

Florey and Jennlngs {35) who noted the calcium salt
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to be toxlec for mice. It agreed, however, with recent
work of Herrell and Nichols, (54) who reported that
the calclum salt is safe for lnjection in human beings.

Other workers, Robinson, (93) Hamre et al. {46)
and Lyons, (72) also have considered that toxic re-
actions occur as the result of impurities contained
ln the preparations of penic¢illin, rather than through
any toxic property of the drug itself. They all found
that more highly purified material containing from 250
to 500 units per milligram was less toxic¢ than the more
crude preparations. The common reactions included
chilis, fever, headache, faintness, flushing of the
face, eoslnophilia and other minor miscellaneous con-
ditions. A report of 500 cases by Keefer (63) in-
dicated that reactions were observed in 69 cases, 13.8
per cent, with essentially the same complications as
shown above.

Lyons (72) reported that urticaria was the common-
est single complication in a series of 209 cases. This
reaction was found in 5.7 per cent of the cases, and
was thought to be due to toxic impurities.

Penicillin itself, however, has not escaped blame
for producing some toxic reactions. Recent literature

has contained many reports of such manifestations as
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urticaria,(63) fever, thrombophlebitis, (7) gastro-
intestinal reactions, (79)(97) contact dermatitis,
(8)(9)(86) veslcular dermatitis (43) and bullous
dermatitis {dermatitls medicamentosa). (80) In an
excellent article, Cormla, Jacobsen and Smith (21)
reported a study dealing with reactions 1n some

2,000 soldiers receiving prolonged courses of penlcll-
lin. The reactlions were classified as follows: 1.
urticaria, complicated by (a) angloneurotic edena,

(b) shock, (c) convulsions, and (4) psychotic depressgion;
2. serum sickness-like syndrome; 3. acute syncope;

4. transient millaria-like eruptions; 5. erythemato-
vesicular eruptions, at times simulating dermatOphytosis;
6. erythema nodosum; and 7. epididymitis.

These men (21) stated that the reactions to penicil-
1in were of two main types, “those appearing shortly
after flrst exposure to the drug and tnose occurring
at a later date as & result of developing sensitization®.
The reactions were seen in about 0.5 per cent of those
patients who recelved penicillin, and were of both early
and late types, being due to an existling hypersensitive-
negs or to a developing sensitization, respectively.

It was concluded that both types of reactlon may

be severe enough to require discontinuation of the peni-
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e¢illin therapy. Also, these workers found that a
previous acute fungus disease may be the basls of in-
creased reactivity to penicillin.

Regarding the mechanism of reactions to penicillin,
Cormia et. al.(21) stated that "it appears that the
principal shock tissue in penicilliin reactlons is in
the blood vessels ratiher than the epidermis, although
the latter may be sensitized in some instances". The
fact that the epldermls can become sensitized 1s 1in-
dlcated by reports of other workers also. (65)(86)(96)
Erythema is very prominent even in the veslcular re-
actions,(21) and the involvement of deeper blood ves-
sels may be the precipitating factor in the reactlons
complicated by shock.

Fineberg, (28) prepared an extract of Peniclillium
spores and tested to see if patlents who had clinical
reactions to penicillin were gensitive to this extract.
These patlents were not sensitive to the spores. To
further test commercial peniclllin for toxic products,
Silvers (96) used a patch test, obtailning a positive
reaction with commerclal peniclllin and a negative test
with crystalline penlcillin. Thls tends to confirm the
impression that impurities in commercial penliclllin are
regponsible for the toxlic reactlions obtained. However,

Pyle and Rattner (86) obtained a positive patch test



when crystalline penlcillin was used. The toxicity of
the corn steep liquor in which Penielllium l1s grown has
been tested by the use of skin tests, and this has
shown (86)(65)(10) that such extracts of corn are not
the cause of the reactlons.

Whatever may be the cause of the toxlc reactlions
to penicillin, the essentlal thing for the ordinary
clinician to remember is that such reactions do occur,
although they are relatively uncommon, and that they
may be severe. In due time the mechanism of these
reactions will be found and means of avolding them
described. Meanwhlle, in cases where toxic symptoms
do ogcur, penicillin must be adminlistered Judiclously

and stopped 1f necessary.
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THE ORAL ADMINISTRATION OF PENICILLIN

The difrficulties encountered in the adminisgtration
of penicllilin by the parenteral route are well known
to those who have ever adminlistered thls drug. To re-
ceive lntramuscular or intravenous penicillin therapy
the patlent must be hospitalized. Once he is in the
hospital, he must receive frequent doses in order that
adequate levels of penicillin are established in his
plood. Thls requires the time and skill of some attend-
ant, and even with regular doses there 1s often a gap
of one half to one hour (12) during which effective
blood levels are not maintained. Also, there is a cer-
tain amount of discomfort to the patient assoclated
with the injectlion procedure, and it has been pointed
out (72) that thromboses occur with relative frequency
in continuous intravenous therapy.

These and other lnconveniences of inj)ecting penicll-
iin have stimulated a search for some other, more prac-
tical means of administering the drug. Obviously, the
oral route has been the logical consideration. However,
all early investigation was seriously hampered by the
lack of penicillin available for experimental purposes.

This made the study of preparations for oral use doubly



difficult because most of the orally administered dose
was found to be destroyed by the acldity of the stomach,
(5)(89) and as a result it was considered impractical
at that time to try to evaluate a route of administra-
tion which obvliously involved a waste of the valuable
material.

Nevertheless, the small amounts of peniclllin re-
covered from the urine, together with the demonstration
of even a limlted activity in the blood, 1ndicated
that some absorption did take place, (3)(55)(89) and
since then, as more penicillin has become avallable,
more experimental work has been done. With the present
supply of penicillin so greatly increased, 1t now seems
logical that & re-evaluation of the oral route of ad-

ministration should be made.

Problems Faced by Investligators

Research on any problem is directed toward the
answering of one or more speclific questions. The
investigation of the oral administration of penlclllin
has been no exception to this, and the following is a
list of questions which have been considered and answer-
ed, wholly or in part, by those workers in this fleld.

(1) Can penicillin be protected against

inactivation by the hydrochloric acld
of the stomach?

42.
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{2) Can penicillin be absorbed into the
blood from the gastro-intestinal tract
if it escapes destruction by gastrlc
acldlity?

(3) If so, can 1t be absorbed in sufficient
amounts to establish and maintain adequate
blood levels?

(4) Is penicillin toxlic in the large doses
required for oral therapy?

(6) 1Is the cost of penicillin prohibitive
when the drug is gliven by mouth?

(6) What are the advantages and disadvantages
of the oral administration of peniclillin?

An attempt 1s made in this paper to present 1in
considerable detall the experimental work done by
those interested in oral penicillin. Following this
there 1s a summary and some speculation as to the

present answers to the precedling questlons.



Laboratory and Clinical Studies

Pirst Use of an Antacld (sodium biecarbonate)
and an Enteric Coatling

Abraham and his co-workers (3) made the first
attempt to give penicilllin orally. They found that
the substance was rapidly destroyed by the hydro-
chloric acid of the stomach, and they were not
partlcularly successful in raising the pH of the
gastric contents by using sodium bicarbonate. How-
ever, although they did not obtain adequate con-
centrations in the blood after oral administration,
they did recover satisfactory antibacterial amounts
in the urine, as was proven clinlcally by the success-
ful trestment of & urinary tract infection in a six
month 0l1d infant. fThese workers also suggested the
use of capsules to protect penlclllin from gastric
acld, but abandoned this method after unsuccessful
attempts with phenyl salicylate coated vehicles.

In 1942 Herrell, Hellman and Williams {(53)
stated that penicilllin was destroyed by the acid of
the stomach but that some absorption occurred when
sodlum blcarbonate was given conjolntly. Staphylo-
coccic infections in mice, however, were cured by
penlicillin given in combination with sodium bicarbon-
ate. (85)
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Free et al. (42) in 1944 pointed out that less
antiblotic activity was demonstrable in the urine
after penicillin was glven orally together with sod-
ium bicarbonate than when it was glven wilthout the
blcarbonate. Thle indicated to these workers that
less penicillin was excreted due to a decrease in
absorption. The latter was not definlitely explained.
They mentioned that perhape the sodium bicarbonate
decresased the emptylng time enough go that the penicll-
lin was destroyed. They suggested also that the alka-
line urine wihich was excreted following the ingestion
of sodlium bicarbonate might have caused a destruction
of the penicillin while the urine was in the bladder.
This, of course, might have been eliminated as a pos-
81lbility if a retention catheter had been used. Little
and Lumb (71) gave the same dose of bicarbonate to a
patient with achlorhydrla to see the effect of over-
alkallnlzation and found that there was a normal ex-
cretion of penicillin, indicating that the alkaline

pH d1d not destroy the penicillin.

Peniclllin in Tap Water

42.

Two reports by Rammelkamp and his assoclates (89)(91)

in 1943 confirmed the lmpression that oral administration

wag ungatlsfactory. These workers administered penicil-
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lin by the oral, duodenal and rectal routes. For
thelr experiments they used a solution of 200 cc.

of tap water containing 10,000 to 20,000 units of
penicillin. Three subjlects were given this solution
orally after a twelve hour fast, one of them belng
gilven 4 grams of sodium blcarbonate ten minutes prior
to the ingestion of the penicillin solution. Their
results lead them to the conclusion that after oral
adminlstration of penicillin absorption was poor.

The results after intra-duodenal administration were
better, approximating those levels obtalned after
intra-muscular administration. Rectal administration
was unsatlsfactory, probably due to the lnactivation

of penicillin by Escherichils coli in the colon. (89)

Achlorhydrla and Oral Penlcillin

Tnese same investlgators gave a solution contain-
ing 1,000 Oxford units of penicillin per cubic centi-
meter orally to two patients with achlorhydria asso-
clated with pernicious anemia, and found that the
blood levels rose ¢ heights corresponding to those
obtalned arter intramuscular or intra-duodenal admin-
istration. They indicated also that penlcillin was

not inactivated by saliva, blle or succus entericua.
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Celluloee Hydrogen Acetate Phthalate

Cellulose hydrogen acetate phthalate was tested
as an enteric coating by the Floreys, (36) but it was
found that reliable therapeutic levels could not be
assured, even though penicillin could sometimes be
demonstrated in the blood. These workers showed
further that administration by means of the duodenal

tube was unrellsble.

Penicilliin in Oil

Early in 1945, Libby (70) made solutions of
peﬁicillin in various oils, the best of which was
cottonseed 0il, 1n which a concentration of 7,500-
10,000 units of peniclllin per cc. of 01l was obtaln-
ed. These solutlions were unstable so he prepared
dispenslions or dispersions of salts of penlecillin in
various cils and found them stable at room temperature
for two to three monthe without the loss of any penicil-
lin activity. These resulis agreed with those of
Romansky. (94)

To test the effectiveness of such a dispersion,
Libby (70) administered 90,000 units of sodium penicil-
lin dispersed in cottonseed oil in a single dose to
an 86 kilogram man, and took urine and blood samples

at intervals to determine the respective levels of
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penleillin. The first urine sample taken 25 minutes
after administration of the penicillin contained 0.4
units of penicillin per ce¢. This indicates a falrly
rapld passage of peqiéillin in o1l through the stomach
and avsorption from the lntestine. Maxlimum amounte

of penieillin were found in the urine durlng the first
two hours, decreasing to 1.8 units per cc. eight hours
after administration. Blood levels, determined by a
method of turbldimetric analysis developed by Libby,
(70) were found to be 0.05, 0.04, 0.04, 0.02, and

zero units per cc. from the 1, 2, 4, 6, and 8 hour
bleedings respectively. In caseg where subsequent doses
of 20,000 unlts were given at three and six hours after
the inltial oral dose of 90,000 units, levels between
.03 and .07 units per cc. serum were maintained for 7
hours, and only slightly less than the therapeutic
level at 8 hours.

These workers were assuming that the blood levels
of from 0.03 to 0.06 units of peniclillin per cc. of
blood, as indicated by other investigators,(55)(91)
weré sufficient for therapeutic purposes. On this
basis, their work showed that a single dose of 920,000
unite given orally in their dlspersion in cottonseed
oll would produce therapeutic levels in the blood.

When compared with the blood levels obtained by in-



tramuscular injection, (91) it 1s easily seen that,

when using doses of 20,000 units of an aqueous solution
of penlelllin, two or three, or possibly more injections
would be required to maintein a comparable blood concen-

tration over the same period.

Penicillin Altered in Passing Through the Body

To determine whether there was any change in the
sensitlivity of penicillin to pH and to heat by passage
through the human body, Little and Lumb (71) devised
an experiment in which the urines of twenty-five patlents
receiving intramuscular injections of penicillin were
divided into aliqueot portione and diluted so that each
one contained a certain amount of penicillin. These
were then compared with similar samples of the original
penicillin solution with the result that showed the
antlbacterial substance in the urine to be more reslstant
to changes in pH and to heat than the unaltered penicil-
line.

Penicillin in Raw Egg

On the basis of the above experiment, these in~
vestigators (71) thought that perinaps they could stabll-
lze penicillin outside the body. A former assoclate,
Lt. Colonel R. J. V. Pulvertaft, had previously render-

ed penlecillin salte more stable to heat by dlssolving
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them 1n various chemical mixtures, and had suspected
sulfur to be the important element, so these men tried
egegs and milk, having no sultable pure chemicals avail-
able.

They first determined the range of activity of
penicillin at various pH levels and found the maxi-
mum activity between pH 4.6 and pH 8.0. Previous
workers (38)(40) had found an optimum pH of 5.8 for
peniclllin activity. Following this, penicillin was
mixed with various diluents and the pH was altered
to determine the activity at various levels. Also, the
solutions were incubated at different temperatures to
learn the effect of heat. Finally the solutlions were
titred, and it was shown that the least damage was suf-
tfered by the penicillin dissolved in raw egg, indicating
that some substance present in the egg protected the
penicillin against the acid medium.

When volunteers were given a dose of alkali, fol-
lowed by penicillin in egg, the bacterlostatic activity
0of thelr blood rose to satisfactory levels. The serum
levels were not quoted in the report made by these men,
but they presented a graph showing the relation of intra-
muscular and oral ;dministration by comparing the bac-

terlostatic sctivity of the serum after each of the two
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methods. This graeph showed a typlcal sudden rise in
the activity with a peak at about 15 minutes after
administration with the intramuscular dose of 15,000
units. After oral administration, the bacteriostatic
activity rose steadlly to a peak two thirds as high as
that obtained by the intramuscular penicillin at 30
minutes, and continued at about thls same level for at
least three hourg. This was trlied clinically in a few
cases of tonslllitlis, and the oral method of adminis-

tration was found successful.

Meagnesium Trigilicate Burffer

McDermott, Bunn et al. (73) used a 4 gram dose
of magneslium trisilicate as a buffering agent and
gave 1t Just preceding the ingestion of penicilliin
in the following mixtures:

Peniecillin in corn oil.

Penicillin in water.

Peniclillin in water, preceded by a buffer.

Penicillin in peanut oil and 4 per cent beeswaxX.
All patients were kept 1n a fasting state during the
period of observation and assays were made by the
Rammelkamp method. Doses of penicillin were 315,000
units.

The results of these experiments are indicated
by the followlng graph taken from the report given

by these workers. It shows a comparlson between oral
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- and intravenocus methods of adminisgtration, and also
the difrerent levels obtained by the various mixtures

ingested by the subjects.
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The serum concentrations ranged from .312 to 1.25
units of penicillin per cc. of gerum at 30 and 60 minutes
respectively, and 1t is interesting to note that about
the same concentrations were obtained regardless of
whether the penicillin was glven in one vehlcle or an-
other. The height of the penicillin concentration at
two hours after the ingestion of the oll and oll in
beegwax suggested to these investlgators that the
duration of penicillin sction may be prolonged by the
uge of these vehlicles by mouth in a manner similar to
the prolongation which Romansky and Rittman have shown

follows the administration of peniclllin in oll and
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and beeswax by the intramuscular route. (94)

High Concentrations

Using high concentrations of penicillin, 20,000
units per cc., Moses (81) obtalned therapeutic effects
by the oral route, but estimations of the blood levels

were not msde.

Trisodium Citrate

Trisodium citrate was found by Charney, Alburn
and Bernhart {16) to be a sultable buffer for the
administration of penicillin by mouth. The work of
Rammelkamp and Keefer (91) had indicated that only very
samll amounts of penlcillin can be detected in the urine
after oral administration, and it had been shown {89)
tnat sodium bicarbonate given with penicillin would
increase the urine levels very little. Therefore,
after Charney et al. (16) had shown that there was a
considerable lncrease in the urine levels after using
itrisodium citrate with the penicillin, Gyorgy and his
co~-workers (45) proceeded to make clinical trials to
see the actusl effectiveness of this preparation.

S8ince the rapid cure of gonorrhea by injected
penicillin gave a reliable basis of comparison, this
disease offered the best approach for the therapeutic

evaluatlon of penicillin when given by mouth. For this



reason, 18 male adults and 5 children were treated
with oral doses varying from 10,000 units every three
to four hours in children to 15,000 to 40,000 units
every three hours in adults. This dosage was main-
tained for two to three days in combination with
trisodiumn cltrate, 1 to 5 grams per dose. Cure was
achieved in all these cases in one to three days, but
in three girls, 2 to 5 years, 10,000 units of penicil-
lin given every four hours with 1 or 2 grams of the
buifer gave only temporary clinical cure of gonorrhea.
These cases were promptly and permanently cured by the
same dosage of peniclllin given Iintramuscularly after
the oral procedure had been repeated twice. These
failures were thought to have been caused by too
low doses, or by too_short a duratlion of treatment.
(Their total dose orally was 200,000 to 300,000 units.)
The highest blood level obtained by Gyorgy et al.
(45) was 0.2 unit per cubic centimeter after one hour,
wiile the lowest was 0.02 unlt per cubic centimeter.
The dose given was 40,000 units. As a rule, consider-
avly higher blood levels were obtained in those patlents
wno received trisodium citrate with the penicillin.
These workers did not present figures for the urlne
levels obtained in their investigations, but such figures

would likely have been relatively high. In this con-
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nection, it might be mentioned that Charney and his
associates (16) obtained urinary excretions of 18 per
cent of the dose administered using trisodium cltrate,
Free and his co-workers (42) found 8 to 33 per cent

of the dose in the urine without using a buffer, and

an average excretion of 8.6 per cent was reported by
Rammelkamp (89) who also found no significant increase
in urinary excretion by the use of sodium blecarbonate.
Gyorgy et al. (45) stated that it is known that penicil-
lin ls sensitive not only to acid but alsgo to alkaline
reactlon, and emphasized the importance of having a
burfer salt with a buffering range not reaching alkaline

pH values.

Double, Treated Capsules

Burke, Roes and Strauss (12) placed powdered
peniclliin in speclally treated capsules to be given
orally. The powder was used instead of saline solution
because the latter caused disintegration of the cap-
sule. The capsule was subjected to a prellminary
hardening by lmmerslon in a solution of formaldehyde
(USP diluted 1:20) and alcohol (95%), and were shown
to be stable for one to two hours in asplrated gastric
contents. In addition a double capsule was used.

100,000 units of sodium penicillin was placed in the
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capsule. To further decrease the influence of gastrilc
acldity, two tablets of aluminum hydroxide were swallow-
ed by each subject one-half hour prior to taking the
penicillin capsules.

In a series of experiments carried out by these
men, &a characteristic common in all instances of penlcil-
lin given by mouth was the rapid rise in the blood level
during the first half hour. They concluded that this
was due to rapid absorption from the duodenum. In two
experiments when 200,000 units of penicllilin was lngest-
ed, initial levels at the end of a half hour were 9.984
units and 2.496 units, the penlcillin having been taken
in the first instance two hours before a meal and in the
second case one-half hour after a meal. Subsequent
levels taken at hourly intervals showed a moderately
rapld fell closely paralleling each other in these two
caseg. Considering these results, 1t seems that it
would be advisablie to give penicillin orally at sult-
able intervals before meals. Thesgse men emphasized this
polnt by stating that the capsules provably reach the
duodenum more quickly when passing through an empty
stomach, and that a high fluid intake and a low fat
dlet might well be given to further passage of the

penicillin through the stomach.



A similar initial rapid rise during the first
half hour was found in slx other cases 1n which 100,000
units of penicillin in capsules was taken. Therapeutic
levels of peniclillin were assayable at the end of two
hours in all cases as compared wilth therapeutic levels
present after five and one-half hours and four hours
ln tne two cases given 200,000 units as previously
mentioned.

In their report, Burke, Ross and Stirauss compared
the levels of penicillin 1in the bloéd with those levels
reported by Romansky, {94) who experimented with intra-
muscular injection, and with the levels obtalned by
Rammelkamp (91) after intravenous administration. The

chart presented below is taken directly from the report

of Burke et al.
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Rammelkamp (91) found a rapid rise in blood level, the
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highést point being reached withln the filrst 15 minutes.
This was followed shortly by a sharp fall, only a irsace
being detectable after two hours. An intramuscular dose
of 45,600 units usually produced the hlghest level about
one-half hour after adminlistration, with detectable levels
present at two to three hours.

Regarding therapeutic blood levels, it was found
by Rammelkamp and Keefer {90) that the degree of anti-
bacterlal actlon was directly related to the concentra-
tlon of penicillin in the serum. Agalnst Streptococcus
hemolyticus, the maximum effects were found to be in
concentrations from 0.019 to 0.156 units per cc. of serum.
However, at least 0.156 units were required for a max-
imum effect agalnst Staphylococcus aureus. Burke et al.
concluded after their experiments that the concentration
and prolongation of penicillin in the blcod is more or
less directly proportliconal to the oral dose employed, and
that 100,000 units administered every three hours in cap-
sules as they gave 1t would insure adequate levels in the
blood for mogt susceptlible infections. They stated that
they believed 1t questionavle whether concentrations
apove 0.312 units per cubic centimeter would have any
added antibacterial value. In contrast to McDermott {73)
who recommended an oral dose five times as large as the

amount used in intramuscular therapy, these men found an
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oral dose of only twice as much as that requlred for
intramuscular administration. They thought this was

due to the mechanlcal protection afforded the penicill-
lin by the double capsule, and they belleved that the
effect of the antacid which was given with these capsules
could not be evaluated from these experiments. It seems,
however, that this antacid, aluminum hydroxide, may have
had more to do with protecting the penicillin from the
hydrochlorlc acid than was indicated in the report of
this work. Thls probability seems even more real when
the work of Welch, Price and Chandler {10Qd and that of
Howard and Scott (60Q) are consldered.

At any rate a clinical trial of this method of
protecting and administering penicillin in 10 chlldren
with gonorrinea, 2 with pneumonia and 2 with cellulitis
resulted in prompt recovery. (12) These trials were
presented in a later report by these same men, and 1in
the same report it was shown quite definitely that the
administration of a 100,000 unit penicillin capsule
every three hours provided constant therapeutlic penicll-

lin levels in the blood. .

Aluminum or Magnesium Hydroxlde

As suggested previously, Welch, Price and Chandler

(100) administered by mouth penicllilin adsorbed on either
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alumlnum or magneslum hydroxide. The preparation was
made by dissolving the sodium salt in 20 cc. of water

to which had been added dropwise with constant agitation,
S0 c¢. of U.5.P. aluminum hydroxide. This dose was given
to 11 normal subjects two to taree hours after breakfast
and an adequate blood level (0.5 units per cc. serum)

was obtained 30 minutes after ingestion. This level,
however, fell regpidly after 30 minutes.

Succeeding this, four equal doses of 206,000 units
eacn of penicillin-aluminum hydroxlide were édministered
to 21 subjects at two hour intervals. One-half hour
blood levels after each ingestion ranged from 0.147 to
0.27 units per cc. of serum, and following each dose
there was a pronounced increase in blood concentration
over the previous level. Moreover, blood levels of
from 0.05 to 0.19 units per cc. were maintained for as
long as twenty-four hours after the administration of
100,000 units in four doses of 25,000 units each using
the penicilliin-gluminum hydroxide compination.

The average total urinary excretion over a twenty-
four hour period following four oral doses of 25,000
units of penicillin with aluminum hydroxide in 11 persons
was 7.2 per cent. This indicates that the penicillin
is largely inactivated within the body. These workers

supgested also, that there seemed to be some absorption



of penlcillin directly from the stomach into the blood
stream. Then, following this, the penicillin-sluminum
hydroxide passes into the upper intestine, where peniecil-
tin 1s released slowly from the aluminum hydroxide and
adsorbed through the walls of this organ, thus reaching
the blood stream via the portal system and the liver.

This work was corroborated by Howard and Scott (60)
who gave 100,000 units of penicillin mixed with aluminum
hydroxide in four doses of 26,000 unlts each at inter-
vale of two hours to & normal subject. Levels of 0.25,
0.80, and 1.00 units per cc. of serum were ootained at
1, 1%, and 3 hours after ingestlon. These investigators
assligned a therapeutic level at 0.3 units per cc. of
serum.

Uslng penlcillin buffered with sodium cltrate,
these same authors found that an oral dose of 20-40,000
unite did not produce a blood level over 0.2 units per
cc. of serum, but that when the dose was lncreased to
60,000 units an adequate blood concentration was reach-
ed (more than .29 units per cc. of serum). Comparing
the two methods of administering penicillin, however,
they concluded that the aluminum hydroxide provided
petter levels than did the sodium citrate. They further
recomnended that the peniclllin be given 1-3 hours aftér

meals.
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Baslec Aluminum Aminocacetate

A new antaclid, basic aluminum aminoacetate was
studied by Krantz, Evans and McAlpine (68) who found
that when they treated artificlel gastric julce with
this substance they could protect the activity of penicll-
lin placed in the same Julce. When penicillin was treat-
ed with this artificial gastrlc Julce without the bene-
fit of the antacid, it was completely destroyed, while
it retained 50 to 70 per cent of 1ts original activity
when the Julce was treated with the antacid. To test
this clinlcally, 12 persons were given 100,000 unlts of
peniclllin mixed with 3 grams of basic aluminum amino-
acetate, suspended in 100 to 150 cc. of water. The
dogse was given in the morning on a fasting stomach and
serum levels were determined at 2, 3, 5 and 7 hours after
administration using the method of assay proposed by
Rake and Jones. (87} Levels of .39, .68, .57, and .17
units per cc. serum were attained as average figures.
Both these workers, and Paul and hls co-workers, (83)
guccessfully cured gonorrhea with 100,000 units of penicll-

lin using saluminum dihydroxyaminoacetate as an antacld.

Phenyl Salicylate

Moldavsky and Hesselbrock, (78) also using 100,000

unit doses, produced blood levels of 0.75 unit per cc.



after coating the penicillin capsules with phenyl
salicylate. Thlse contrasts with the failure of phenyl
salicylate reported previously by Abraham et al. (3)

Trilsopropanclamine, Trisodium Citrate
Sodium Carbonate

In a very recent report, Cutting et al. (23) made
extensive trials of administering penicillin oy mouth
witn various enterle coatings and adjuvants, with the
thought of either protecting penicillin or of promoting
its aosorption. They found tnat mixtures of penicillin
with trlisopropanolamine, trisodium cltrate or sodium
carbonate enclosed 1in a resin-cellulose plastic enteric
coating were useful comblinations. By using a dose of
50,000 units, administered every two hours for ten doses,
they produced penicillin blood concentrations of from
0.02 to 0.05 unit per cubic centimeter. They were able
to cure 38 out of 55 cases of acute gonorrhea with sev-
eral of their most promising combinations, and concluded
that Ir a total dose of a half million units were pre-
pared 1n one of the three superior mixtures, it might
well be expected to cure probably 90 per cent of cases
of ascute gonorrhea in the male.

In an earlier experiment, (22) these men had coat-

ed capsules With a mixture of "Enterab® and cellulose
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hydrogen acetate phthalate contalnlng 50,000 units of
penicilllin, mixed with the following different agents.
These capsules were glven every two hours for 20 hours
and the following blood concentrations determined:

1l gram acetylsalicylic acid plus 1 gram

sodium bicarvonate................ 0.02 on alternat
hours.
8 oc. triisopropanclamine........... .0045 u/fcc
2.5 cc. ethyl alcohol.eceneecereneas .02 u/ce
2.0 cc. acetone.......... ce s tee e ee 03 u/cc

One patient was cured of gonorrhea with each of these

four.

Compariscn of Several Buffers
and Stabllizers

It has been reported by Finland and his assoclates
(29) that ordinsry commercial penicillin powder when
given in saline soclution before a meal gives levels
which are at least as high and as well sustained ag the
various preparations tested which contalined buffers and
stabilizers in tablets and capsules. He used penicillin
combined with aluminum hydroxlide gel, penlciliin mixed
with shellac, beeswax and cottonseed oil in a capsule,
calcium penicillin in corn oll placed in a capsule, a
tablet containing penicillin with a highly soluble bilnder
and another capsule in which were placed 25,000 unite of

godium penicillin alone.

64.
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After single doses of 90,000 units of penlicillin,
Finland (29) found levels of from .22 to .45 units per
¢c. of serum when the saline solution was glven before
breakfast. Using the other preparations, he obtained
ievels of from .11l to .22 units per cc. of serum. When
he gave the saline solution one-half hour after break-
fast the levels ranged from .02 to .06 units per cc.
of serum, while they were found to ve from less than
.02 to .11 units per cc. of serum with the other pre-—
parations. Penicillin in aluminum hydroxide gel pro-
duced the best results 1n the doses gilven after the meal.

For their experiments in serum levels during re-
peated oral administration, these investigators (29)
gave a large priming dose just before breakfast, then
gave a sustalning dose one hour later, followed by
four more doses at two hour intervals. By this pro-
cedure, they gave an initlal dose of 300,000 units and
followed, as outlined above, with succeeding doses of
60,000 units. Thls produced levels of from .03 to .22
for a period of ten hours. An 1lnitial dose of 120,000
units followed by 60,000 units every two lours produced
levelisg which were less than .05 units per cc. of serum.
On all dosage schedules above this, however, the levels

reached were comparable with those seen when penicillin



was glven intramuscularly in a dose of 20,000 units
every three hours.

In elther single or repeated doses, the relatlione
ship of the meal to the time of administration is im-
portant, as may be seen from the results glven above.
Serum levels obtained when single doses were given be-
fore a meal were high and regular, but when given after
the meal they were irregular and unpredictable. In per-
gons with achlorhydria, the serum levels were higher
and better sustained both before and after a meal than
they were in normal persons. Not quite so much in=-
fluence of the meal wase seen in those instances where
repeated doses of peniciliin were given, but even so 1t
was not possible to predict the level at any time in any
one subject as long as food was being taken during the
treatment.

A total of 6l patients wlth acute gonorrhea were
treated with various preparations and dosage schedules,
ag were 7 cases of typilcal lobar pneumnonia. The results
in these cases suggested to these workers {22) that oral
penicillin i1s a feasible therapy in these infectlons, and
that it should prove effective in otner infections in
whichn low doses of parenteral penlclllin have proved ade-

gquate. They found that a concentration of 0.03 unit per
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cubic centimeter was sufficient in vitro to sterilize
cultures of all strainsg of gonococcus and group A
hemolytic streptococcus, the great majority of strains
of pneumococcus and Streptococcus viridans, but only

one nalf or less of the strains of meningococcus and
Staphylococcus aureus. From this they concluded that
oral penicillin therapy may be expected to prove effect-
ive in gonococcic, hemolytic streptococcic and pneumo-
cocclec infections, but that it may fall in many cases

of subacute bacterial endocarditis.

Powdered Penlcillin in Capsules

Other cases of pneumococcic pneumonia were treat-
ed with oral doses of penicillin by Bunn et al. (11)
wno encountered only one death and one serious com-
plication in a series of forty-five patients. In nine
of these patients, tine penicillin concentrations in the
blood were measured during the acute illness. No at-
tention was paid as to whether the patients had recent-
ly ingested food when the determinations were made, and

the figures represent random determinations, some of

which were thought by the authors to reflect a cumulative

effect.
After a doge of 50,000 units of the sodlium salt

of penlcillin in the usual powdered form enclosed in

6'7.
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& gelatin capsule, there was & blood level of .04
units per cc.; in gome instances thls was nigher.
In only two patients were the levels loﬁer than this
at 30 or 60 minutes after administration. It 18 ine-
teresting to note that the blood levels in these pneu=
monia patlents were equal or superior to those common-
ly observed following the administration of similar
amounts of penicillin to normal subjects.
Here again approximstely four or five times as
much penicillin was used orally as would have been re-
quired to produce the same concentrations in the blood.
The authors stated that the initial oral dose of 200,000
units 1s the approximate equivalent of 40,000 units
given intramuscularly and the subsequent 50,000 unit
dose 18 the equivalent of 10,000 by the latter route.
Regarding the dosage regimen, these investigators
(11) used an initlal administratlon of 200,000 units of
penicillin followed by 50,000 unit doges at two hour
intervals throughout the twenty-four hdur period. Twenty-
four to thirty-six hours after the appearance of a crisis
the administration throughout the night was discontinued.
From tals point on the 50,000 unit doses were given from

8 a.m. to 10 p.m. inclusive.
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Corn Oil and Lanolin

Pearlstein, Kluener and Liebmann (84) mixed
penicillin with corn oil and lanolin and put it in a
gelatin capsule in amounts of 55,000 units. They
planned to thus protect peniciliin from the effect of
gastrie acidity and make 1t avallable for absorption
from the small intestine, where most of the fat digestion
occurs. One of these capsules taken by the subjlects
after an overnight fast caused the urinary excretion
of relatlively large amounts of penieillin in the urine,
14 to 16 per cent of the original dose being recovered
during a twenty-four hour period.

They found penicillin in measurable quantities in
tne urine for 24 hours 1in some lndividuals and for more
than 42 hours in others. This delayed excretion was
attributed to tne effect of the slow degradation of both
the corn oll and lanolin, and 1t was about five times
higher than the excretlon found after the oral adminls-
tration of penicillin in saline solution.

As has peen mentlioned previously in this paper,
(16)(42)(91)(1003 excretlons of from 8.0 to 35.0 per
cent of the original oral dose of peniclllin have been
recovered in the urlne. In contrast, when given by

intravenous or intramuscular injection, urine recoverles



of penicillin have been reported to average approxi- |
mately 60 per cent. (3)(91) This leaves about 40 per
cent of the dose unaccounted for, and suggests that
penicillin is inactivated 1ln the body in some manner
other than by the influence of gastric acid or by

the enzyme penicillinase produced by E. coll in the

gut. The reason for thlis has as yet not been explained.

70.



SUMMARY AND COMMENT

To facilitate quick reference, and to allow for
some discussion of the proolems of adminigtering
penicillin orally, the following summary 1ls presented.
The questions concerning this mode of administration of
penicililin will be considered in much the same order
as they were previously outlined, namely, lnactivation,
absorption and execretion, toxicity, cost, advantages

and dlsadvantages.

INACTIVATION
(a) Gastric Acldity

If peniclllin could be transported through the
stomach without belng subjJected to the actlon of the
gastric acid, the concentration in the blood could
quickly be ralsed to & high level. In an effort to
solve this problem, numerous antacids and buffers,
capsules, olls, enteric coatings and other substances
to increase absorption of the drug have been used.

Antaclilds and Buffers

l. Sodium bicarbonate has been said to be un-
satlefactory because peniclllin 1s subject to attack
by excessive alkall as well as by excessive acid. (3)
(14)(42)(45)

2. Volunteers given a dose of alkali followed



by penicillin mixed in raw egg showed satisfactory
therapeutic blood levels. (71) Thls was successful
in the treatment of tonslllitls cases.

J. Trisodium citrate was used as an antacid to
protect penicillilin by neutralizing gastric acldity.
(16)(23) The result was that 40,000 units of penicll-
lin produced blood levels of .02 to .2 units per cc.
serum &t one hour. (16) A dose of 60,000 units elevated
serum levels to more than .29 unlts per cc.

4. Basic aluminum aminoacetate used as an ant-
acid with 100,000 units of penicillin was sufficlently
absorbed to produce serum concentrations of .39, .68,
»37, and .17 units per cc. at 2, 3, 5, and 7 hours
after administration. {68) Gonorrhea was successfully
cured with thie preparation. (68)(83)

5. Four equal doses of 25,000 units of a penicil-
lin-aluminum hydroxide mixture, given at two-hour inter-
vals, was found to give blood leveis of from .147 to
.27 units per cc. serum at one-half hour after each in-
gestlon. Concentrations ranging from .03 to .19 units
per cc. were maintained for as long as 24 hours. (100)

Other workers, using the same antacid and dosage regimen,

72.

found serum levels of .25, .50 and 1.00 units per cc. (60)
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Oils

1. Using magnesium trisilicate for a buffer
preceding the administration of 315,000 units of peniecil-
lin in water and in oils, McDermott et al. (73) found
serum concentrations ranging from .312 to 1.20 units per
cc. at 30 and 60 minutes respectively. One preparation,
peanut oil in beeswax, produced high levels at two hours
after lngestion, which suggests that this might be a way
to prolong the action of penleillin similar to the pro-
longation seen when 1t is used in intramuscular injections.

2. By the use of cottonseed o0ll as a vehicle for
the drug, Lloby {(70) obtained a blood level of .05 units
per cc. serum at one hour, with .04 unlt present at the
end of four hours after the supjects ingested 90,000
units of penicillin. He gave subseguent doses of 20,000
units after the initial dose of 90,000 uaits in some
patients and maintalned levels of from .05 to .07 units
per cc. for seven hours. Thls procedure required two
to three tlmes ag much penicillin as would have been
needed for intramuscular injection.

d. Corn oil and 1anoliﬁ mixed with penicillin in
a b5,000 unit capsule and given to subjects who had
fasted overnight, was effective in producing higher and
more prolonged urlnary excretion of peniciilin. {84)

This indicates a more gradual absorption of penicillin
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from the gut without destruction of 1ts activity before
absorption, and it is due to the degradatlon of the corn
01l in the gut instead of in the stomach, plus the slow
decomposition of lanolin.
Capsules and Enteric Coatings
1. To afford a mechanical conveyor for the penicil-

lin, Burke, Ross and Strauss {12) placed powdered peniclil-
lin in a specially-treated, double capsule. They obtaln-
ed concentrations in the blood of 9.984 and 2.496 units
per ¢c. serum in two cases where 200,000 units of penicil-
lin were given before and after a meal respectively. They
suggested the administration of peniecilllin before mesals,
and also a high fluid intake plus a low fat diet as means
of increasing blood concentrations of the drug. Cases of
gonorrhea, pneunonia and cellulitis were cured by the
metnod reported by these workers.

2. Phenyl salicylate coating of 100,000 unit penil-
cliiin capsules produced blood levels of .75 units per
cc. serum (78) as had been susgested earlier by Abraham,
Florey et al. (3)

J. Powdered penicillin in geletin capsuies was
used by Bunn et al. and produced a level of .04 units
per cc. in patients with penumonia.(1ll) Excellent

therapeutic results were obtained by adminlstering 200,000
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units of penicillin, followed by 50,000 units at two-
hour intervals until a crisis appeared. After the criels,
50,000 units wasg given eVery two hourg from 8 a.m. to

10 p.m. inclusive, with no penicillin being given at
night. The therapy was continued until the temperature
decreased and remained normal, or, at least 7 days.

4. Triisopropanolamine, trisodium citrate and
sodium carbonate enclosed in resin-cellulose plastic
enterlc coating were found useful by Cutting and his
co-workers. (23) Penicillin in 50,000 unit doses every
two hours for ten doses, with one of these adj)uvants,
produced blood concentrations of from .02 to .05 units
per cc., and many cases ol gonorrhea were cured by these
methods.

5. Finland (29) found levels of from .22 to .45
units per cc. serum when single doses of 90,000 units
of penicillin were gilven in saline solution to subjects
in fasting condition. He used other preparations con-
talning buffers and atabllizers in tablets or capsules,
but they were no better than the saline preparation
except when given after meals. 1In the latter instance,
aluminum hydroxide gel was the best adjuvant. He
enphasized the lmportance of administering penicillin
before meals. An initial dose of 5U0,000 units in saline,

followed by 60,000 units at two hour intervals for four
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dosges, produced levels of .03 to .22 unlt per cec. for

a period of ten hours.

It 1s evident from a review of the work done that
the investigators are not in agreement as to the best
ad juvant to be used in giving penicillin by mouth. Rel-
atively high serum concentrsations have been obtalned by
all of the peniclliin-adjuvant compinations, which proves
that penicillin can be protected from the action of
gastric acidity. The highest levels were reported by
Burke, Ross and Strauss (12) who used powdered penicil-
iin placed in a double, specially-treated, capsule.
However, they used higher dosages than were reported by
most other investigators. Bunn et al. (1ll1l) obtained
gooa therapeutic results without any adjuvant except the
gelatin capsule to protect the penicillin as did Finland
and nis asssociates. (29)

Naturally, if adequate blood concentrations can be
obtained by the use of only a capsule, the expense of
oral preparatlions of penicillin can be decreased. How-
ever, the very fact that so many other adjuvants have
been tried indicates that there is much more to be desired
from the orsl administration of penicillin. The experil-
ments reported have varled greatly as to the dosage used

and the time of administration in releticn to the meal.
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A carefully planned experiment, 1in which the dosages
could be varled with each of the various adjuvants,

and in which a definite dosage reglmen could be worked
out for each combination, as determined by the actual
serum concentratlions using a standard method of assay,
would be the most accurate way to determine which method
ls the most efficient, and thereby most economical way

to give penicillin by mouth. This woula be too great

an undertaking for any one laboratory, but several groups
of l1lnvestlgators could do it in much the same manner as
the early work on penicillin by other mesans of administra-
tion was done.

Without the ald of such a series of planned in=-
vestigations, it will likely be some time yet before the
problem of the oral administration of penicillin is
settled. The convenlence of glving penicillin orally
will maintalin interest in this problem, and if the cost
of the drug 1s decreased in the future, further interest

in 1ts administration by the oral route will be stimulated.

(b) Penicillinase

It was shown by Abraham and Chain (1) that Escher-
ichia coli, commonly present in the colon, produces an
enzyme which inactivates penicillin. This was thought

to pe a large part of the reason that the rectal route
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of adminlstering penicillin would not work satisfactorily.
(89) Cutting and hie assoclates (23) stated, however,
that the flora in the upper intestine is probably sparse,
which makes the factor of destruction of penlcillin by
E. coli less important than the other variables for
peroral administration.

Of course, if penicillin were carried down into
the lower intestine by means of enterlc coatings or
some other glowly-decomposing adjuvant, the chancesg for
degtructlion by the above-mentioned organism would be

increased.

ABSORPTION AND EXCRETION

Because penicillin 18 s0 rapldly excreted from the
pody oy the kidneys, it is inmportant that 1t be very
guickly absorbed from the intestine 1f a high concentra-
tion is to oe built up in the blood stream. Intra-duodenal
administration of penicillin has produced relatively high
levels in the blood {89) and other studles (29)(89) have
shown that in cases of achlorhydria the peniecillin is ab-
gsorbed promptly into the blood. Furthermore, & common
finding by most investigators has been a rapild rise of
blood concentration to a peak level within the first
thirty to sixty minutes after oral adminlstration with
various antacids, oils, etc. {12)(16)(45)(70)(71){73)(84)
{100)
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These findings indicate that absorption from the
upper intestine is rapid and is not a major cause for
the loss of peniciliin in the body, although it indirect-
ly alds the rapid excretlon by allowing penlciliin to
enter the blood in a short time.

Gomparison of Blood Concentrations after
Parenteral and Oral Adminlistratlion

To properly evaluate the blood levels obtained after
oral sdministration of penicillin, a comparison should
be made with the levels seen after intravenous or intra-
muscular injections. A very rapild rise in the blood con-
centration to the highest peak within the first ten to
firteen minutes, was followed by a sharp fall during the
first hour, with only a trace belng detectable after two
hours following intravenous adminlistration by Rammelkamp.
(91) The intramuscular injection of 45,000 units by
Romansky and Rittman (94) produced the highest level in
one-half hour, followed by a more slow drop during the
first hour with detectable levels remaining at two to
three hours.

. After oral administration, the highest level 1is
reached usually in about one-half hour, followed by a
moderately rapid fall, with assayable levels still

present after three or four hours. The height of the



blood concentration depends upon the amount of the

oral dose. According to Burke et al., (12) who achleved
outstanding levels by the use of a double capsule , the
concentration and prolongation of the blood level is

more or less directly proportionsl to the oral dose
employed. Cutting and his assoclates, (23) however,
state that thls is not the case since they found that
increasing the dose did not increase the serum concentra-
tion by the ssme relative amount.

In general 1t may be sald that from two to flve
times the amount of penieclllin necessary for parenteral
injection is required to produce equal levels when given
orally. Individual difrferences in absorption, as well
as variations in the adjuvant and the time of administra-
tion will naturally vary this. It is possible, however,
to produce and maintain adequate serum levels of penicll-

1in by giving the drug orally.

TOXICITY OF PENICILLIN ADMINISTERED ORALLY

All the previously mentioned reactions to penicillin
(see section on toxiclty) have occurred after some means
of administration other than the oral route. However,
1t is interesting to note that toxic reactlions reported
after the administration of penicillin by mouth are con-

epicuous only by thelr absence in the literature.
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Bunn et al. {(11) reported that out of 45 patients
recelving penicillin orally, “"no instances of nausea,
vomiting, diarrhea or other gastro-intestinal disturb-
ances occurred. One patlient developed mild generallzed
urticaris, which subglided promptly after the commercial
brand of peniecillin was changed". These were patients
with pneumonia who received from 0.3 to 7.0 million
unite of penleillin over periods of time ranging from

6 hours to 1] days.

Burke, Ross and Strauss (12) reported that *no
objective or subjective symptoms of toxiclty were ob-
served after slngle doses of 100,000 and 200,000 units
of penicillin orally". In another article, Ross and
associates (95) stated that in one case a total of
11,500,000 units of penicillin was given over a period
ol fourteen days without toxic effect.

Numerous other studies on oral peniciliin reported
in the literature make no mention whatever of any toxiec
reactions encountered. No more serious toxic sympt.om
than the one mentioned by Bunn {ll) has been reported
In the work considered for this paper. This makes it
seem falr to conclude that, although the literature
on the subject is very limited, relatively speaking,

the oral preparations of penicillin are less likely to



produce toxic reactions than are those preparations
administered by parenteral routes. Since it was found
by Little and Lumb (71) that penicillin is altered by
passage tnrough the body, and since it was thought by
Cormia et al. (21) that the vascular bed 1s the primary
shock tissue in the body, it may be logical to assume
that the process of absorption of the penicillin from
the intestine into the blood stream, when the drug is
glven orally, by some manner eliminstes the toxic
impurities which accompany the penicillin 1n commercial
preparations. If thils ;s the case, then it should
theoretically be possible to avold reactions to penicil-
iin by adminlstering it in oral forms, particularly in
those cases where the individual is found to be allergic
to the parenteral preparations. This would, of course,

require experlmental proof, which is lacking at present.

LIMITED SUPPLY AND HIGH COST OF PENICILLIN

The supply of penicillln now hss nearly reached a
sufriciently high level to allow most any expenditure
of the drug for therapeutic or experimental purposes.
Hertofore, however, the drug was very limited and oral
administration, in wiich there is used an amount of
penicillin two to five tlmes as great as would be requir-

ed for parenteral administration, was not undertaken.
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With the increasse in production, there has veen a
decrease in the cost of penicillin, and it is very prob-
able that the cost will decrease further as production
methods are made more efficient and economical. The
cost to the patient has already come down from $20.00
(13) to about $2.00 per 100,000 units. As Cutting
pointed out (25) with the ordinarily effective dose of
one-half million units, given orally, expense ceases to
be an important factor in limiting oral treatment of
gonorrhea, or other diseases where the ordinary blood
concentrations obtgined by oral adminlstration are high
enough to combat the lnfecting organism. The cost,
however, 1s still high and is definitely a limiting
factor in the administration of penicillin by the oral

route.

NEW DOSAGE FORMS OF PENICILLIN

The foilowing is a report of recommendations snd
statements released in August, 1945 by the Committee on
Chemotherapeutics and Ohter Agents of the National Re-
search Councll and the Committee on Medical Research of
the Office of Scientific Research and Deveiopment. (54)
This report is based on a review of sclentific evidence
and on information gained through consultation with

experts in the field of chemotherapy and the medical and

85'
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scientific staffs of interested manutacturers. It will
pernaps give some evidence as to what 1s Delng "recommend-
ed" in the way of Oral Penlcillin Producta.

“Tgblets Buftered Penicillin, Capsules Burfered
Penicillin

“Taplets buffered penicillin and capsules buffered
penicillin contain one or more of the buffer substances
sodium citrate, citric ascid, aluminum hydroxide, calciunm
carbonate, magnesium oxide and aluminum-dihydroxyamino
acetate. The potency of each tablet or capsule 1s not
less than 20,000 units, and the number of tablets or cap-
sules in esch single package ls such that the total number
of units therein is not less than 300,000.

“Capsules Penicillin in 011

"Capsules penicillin in oil is a suspenslon of
sodium penicillin or calcium penicillin in refined veget-
able food oll. The potency of each capsule 1s not less
than 20,000 units, and the number of capsules in each
single package is such that the total number of units
thefeln ig not less than 300,000.

"Penicillin with Aluminum Hydroxide Gel

"Penicillin with aluminum hydroxide gel 1s a com-
bination packaze of sodium penicillin or calcium penicil-
lin and aluminum hydroxlide gel., The quantity of aluminum

hydroxide gel packaged with the penieilllin shall be 30 cc.
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for each 100,000 units.

"Indicatlions and Dosage.--0Oral penicillin prepar-
atlons should be administered on a fasting stomach,
not less than thirty minutes before or not less than
one and one~half to two hours after eating.

YGonorrhea.~--Combined Therapy: A single injection
of 100,000 units followed not later than two or three
hours by oral doses of 40,000 to 50,000 units each every
two or three hours for six doseg per day for one or two
days.

“Oral Therapy: Forty thousand to 50,000 units
every two or three hours for six doses per day for one
or two days.

"In complications such as arthritis, endocarditis
. and epldidymitis, administer penicillin parenterally.
Concurrent infections of gonorrhea and syphilis should
always be considered. Treatment of gonorrhea under the
foregoling dosage scaedule may prevent the appearance
of the chancre and thus mask the first evidence of
syphilis. The masking of the chancre should not be con-
strued as a beneficial effect. Blood serologic tests
should be made once a month for a minimum of three
months. —

“Pneunococcic, Streptococcic and Staphylococcic
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Inrections.-~A minimum of 20,000 to 40,000 unitvs of
penlciliin parenterally every three hours. After the
acute phase and when the temperature has been reduced,
treatment may be continued with oral administration.
Treat with a dosage of 40,000 to 50,000 units each two

or three hours (day and night) for at least forty-eight
hours after the temperature has returned to normal. If
the condition 1s not controlled by oral penlcillin return
to parenteral administration.

YProphylaxis.-~Against secondary infections after
tonsillectomy or tooth extraction in cases with a history
of rheumatic fever or rheumatic heart disease, congenital
heart disease and other conditions in which secondary
infections may occur {infected teeth or tonsils), ad-
minister 100,000 to 200,000 units daily in divided doses
from one day before to three or four days after surgery.

“Precautions.-~In meningitis, endocarditis and peri-
tonitis, administer penicillin only parenteraily. 1In
acute infection with bacteremia or septicemla, parenteral
administration of peniciilin should be contlinued until
tine blood cultures become negative and the acute condition
ls controlled. Do not use in those conditions in which

penicllilin is of questlonable value or 1s ineffective.M



ADVANTAGES AND DISADVANTAGES

The advantages of the oral route of adminlster-
ing penicillin are obvious. Patients who for some
reason cannot be nospltalized can now recelve this
drug at home without the aid of a trained attendant.
In the hospital frequent injections, which require time,
skill and sterile equipment, are eliminated by glving
the drug by mouth. Toxic reactlons seem 10 occur more
infrequently after oral administration of penicillin,
and it appears that a less highly purified product
would be suitable for oral use. In brief, peniclllin
is rendered s much more practlcal drug, from the stand-
point of both the doctor and his patient, when it 1ls
glven orally.

The disadvantages of oral administration are few.
In the event that a patient is too sick or too young
to swallow oral preparations of penlcillin thls route
is of little value, and the parenteral methods of ad-
ministration must e used. Also, the cost ol preparsa-
tions for oral use is still high, and may in some cases
pronibit their use. Flnally, any other dlsadvantages
which might be incurred with the oral administration of

any drug apply to such preparations of penicillin.
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CONCLUSIONS

(1) Penleillin can ve protected against in-
activation by the hydrochloric acid of the stomach.
Tnis 1s accomplished by the use of various adjuvants
in tae form of antacidse or burfers, oll suspensicns,
capsules or enteric coatings. At present, no one of
these adjuvants has been shown to be consistently bpetter
than the others, but tinerapeutlc blood levels have been
obtained with each of those dlscussed.

{2) Oral penicillin is more efricient when given
on a fasting stomach. Hence it should be ingested with
the patient in a fasting condition, 1f possible, or at
least one-half to one hour before meals.

(3) Absorption of penicillin from the intestine
atfter oral administration is rapid if the drug is pro-
tected from destruction by gastric acid. Inactivation
by penicillinase in the intestine is hot important in
oral admlinistration.

(4) Therapeutic plood levels are established
rapidly and maintained for a longer time after the
administration of penicillin by mouth in spite of
rapid excretion by the kidneys. However, even with
the use of a sultable adjuvant, from two to five times
as much penlcillin is required to produce any particular

blood level by the oral route of administration as would
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be requlired if parenteral injectlon were used.

(8) The occurrence of toxic resctions after
the oral administration of penicillin appears to be
surprisingly infrequent, even though huge doses are
uset. This may be due to the lack of absorptlion of toxic
impurities into the blood from the intestine.

(6) The cost of penicillin is a limiting factor
in 1ts oral administration, but it 1s not prohibitive
in most cases. Hospitalization can be avoided in many
cases by oral administration and expense to the patient
is thereby decreasec.

(7) With good evidence that blood concentrations
ol from .019 to .312 units of penicillin are sufficilent
to combat most susceptible organlsms, it is logical to
conclude that many infections can be successfully treat-
ed with penicillin administered by mouth. Some of the
infectlons wnich have been very satisfactorily treated
by this method are gonorrhea, pneumococcic¢ pneumonia
and cellulitis.

(8) Penieillin administered orally is very well
sulted for treating patients in the convalescent stage,
and for maintaining blood levels after initial therapy
py parenterzl injectlion. Also it finds a large range of
practicabllity in the home therapy of patlients who can

not be hospitslized.
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(9) Whatever vehicle or adjuvant is usged, and
regardless of the relation oI the oral dose to the meals,
there are a great many individual varlatlons in serum
concentration and efricacy of the oral administration of
penicillin among ditferent patients, and in the same
patient at different times. Ag 1s true of other drugs,
penicillin therapy must be planned individually for each

patient 1f best results are to be obtainea.
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