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Preface

This volume represents the proceedings of the International Kilmer Memorial Conference
on the Sterilization of Medical Products held in Moscow, Union of the Soviet Socialist
Republics, on September 11-15, 1989. The conference brought together technical
specialists and clinical practitioners from 22 countries and was organized with the
cooperation of the U.S.S.R. State Committee for Science and Technology and the U.S.S.R.
Ministry of Health.

The symposium was the fifth in a series organized as a tribute to Dr. Fred B. Kilmer, the
first Director of Research at Johnson & Johnson and an early pioneer in the sterilization of
medical products as well as in microbiological control of the environment.

The conference was made up of five sessions devoted to sterilization technologies,
standards and basic science. The sixth session, which lasted an entire day, was devoted to
the prevention and control of hospital infection and served as a forum for an interchange
between U.S.S.R., European and U.S. approaches on this important global subject.

At the concluding banquet, the Kilmer Award was presented to Nina Ramkova of the All-
Union Scientific Research Institute for Preventive Toxicology and Disinfection, Ministry of
Health, U.S.S.R., for her contributions to the sciences of disinfection and sterilization; and to
the International Atomic Energy Agency (IAEA) for advancing the transfer of radiation
sterilization technology to developing countries. Accepting the award on behalf of the IAEA
was Vitomir Markovic from the Industrial Applications and Chemistry Section.

New Brunswick R. F. Morrisse
New Jersey o g
Moscow

U.S.S.R. Y. I. Prokopenko
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Opening Remarks by R.E. Campbell

Vice-Chairman
Johnson & Johnson, U.S.A.

It is a great privilege for me to have the opportunity to welcome such a distinguished
group of scientists to this International Kilmer Memorial Conference on the Sterilization of
Medical Products. Among us are many of the world’s leading scientific investigators in
sterilization and infection control. In all, you are about 300 strong, representing 22 different
nations and are here to present papers and discuss advances in improving sterilization
processes and technologies.

Speaking for my company, Johnson & Johnson, we are deeply honored to be able to co-
sponsor this conference along with the U.S.S.R. Ministry of Health and the U.S.S.R. State
Committee for Science and Technology. We thank our colleagues from the U.S.S.R. for
hosting this important conference.

The objective during our four days of deliberations here in Moscow is to share technical
information related to the health and well-being of people around the globe. There will be
special emphasis on the prevention and control of hospital infections through microbial
control practices. The science of microbiological control is of fundamental significance to
public health throughout the world, so we have an important mission.

This is a non-commercial conference and many of you may be wondering why my
company would co-sponsor such an event.

Since its founding more than 100 years ago, Johnson & Johnson has pioneered
advances in infection control and sterilization. The development of the first readymade,
ready-to-use surgical dressings by our company in the mid-1880s marked the first practical
application of the theory of antiseptic wound treatment. The new concept was based on the
discoveries of Sir Joseph Lister, the noted English surgeon.

Today, ours is the world’s leading health care corporation, with 171 companies in 54
countries. We produce and market a broad range of consumer health care products,
prescription pharmaceuticals, and products used by medical professionals.

Johnson & Johnson is highly decentralized; we have a long-term outlook in managing the
business and are guided in our everyday business and social responsibility decisions by a
Corporate Credo. The Credo is a reminder of our responsibilities to four constituencies: our
customers, employees, the communities in which we live and work and our stockholders.

Against that backdrop you can better understand why we are pleased to be able to help
provide this forum for the transfer of knowledge about the sterilization of medical products.

In addition, this conference and its stated objective are part of the legacy left to us all by
Fred B. Kilmer, Johnson & Johnson’s First Scientific Director, a man who served the
company for 45 years. Dr. Kilmer’s early goal was to awaken medical interest in Lister’s
findings and he accomplished this by disseminating a compilation of reports by eminent
surgeons'ofthe‘time:"The-monograph, ““ModernMethods of Antiseptic Wound Treatment”,



went through five editions by 1893.

Part of Kilmer’'s other work in the 19th century included the classic article, “Modern
Surgical Dressing”, published in the American Journal of Pharmacy. Much of that article,
dealing with microbiological control of the environment and confirmation of the effectiveness
of sterilization processes, still is current.

In foreseeing the trend to asepsis, Kilmer wrote: “Chemical sterilization and mechanical
cleanliness are among the newer weapons that have been called to the aid of surgery.
Antiseptic dressings have been made surgically clean. Antisepsis has not been abandoned,
but has developed into its higher form: Asepsis—and antiseptic processes have become
aseptic’.

This was written at a time when many surgeons were still operating ungloved and in
street clothes, in blood-spattered frock coats and with non-sterile instruments. The
postoperative mortality rate was as high as 90% in some hospitals.

As a prolific and highly respected writer on scientific and medical subjects, Kilmer
influenced the profession’s attitude over the years through educational publications such as
“Red Cross Notes”, begun in 1897; “Red Cross Messenger”, launched in 1908; and through
“Notes and Abstracts”, which he started in 1921. He was a talented writer as well as a
distinguished scientist, and he produced numerous papers for professional publications and
trade journals throughout his long career.

In memory of Fred Kilmer, this conference series was initiated in 1976 in the United
States. Subsequent Kilmer Conferences were held in 1980 in Washington, D.C., in 1982 in
Sydney, Australia, and in 1985 in Beijing in the People’s Republic of China.

One of Dr. Kilmer’s characteristics was his tireless search for new and improved asepsis
products and procedures to bring the best possible medical care to all of humankind.

Contemporary challenges include microorganisms that are resistant to sterilization,
nosocomial infection control, and the control of AIDS. And we continue to see exciting
advances with new chemical sterilization technologies and developments in machine-
generated X-rays. All of these, and a host of other related topics such as international
regulations, will be discussed during what promises to be an outstanding conference.

Around the world, people have come to expect to live longer and healthier lives. Few
scientific meetings are capable of having a direct effect on these expectations. This
conference, however, is an exception. You have great potential to positively impact human
health and well-being.

You have a very full and important agenda. So without further ado, let me wish you a
highly successful conference.

Once again, we deeply appreciate the cooperation of the co-sponsoring USSR Ministry
of Health and the U.S.S.R. State Committee for Science and Technology, which have made
this conference possible.

Thank you for your kind attention.



KEYNOTE ADDRESS

The Impact of Hospital Infections on Society

Lord Butterfield of Stechford, M.D.
U.K.

Frederick B. Kilmer was born December 11, 1851 and grew up in Pennsylvania, U.S.A.,
where he attended Wyoming Seminary. After training as a pharmacist in New York and
Philadelphia and doing various apprenticeships, Kilmer established himself in 1879 at The
Opera House Pharmacy in New Brunswick, New Jersey. There he had two famous visitors:
Thomas Edison who came to obtain supplies for his experiments which led to the
development of the electric lamp, and Robert Johnson who established the Johnson &
Johnson Company in 1886, now world famous for surgical dressings.

Johnson discovered that Kilmer was interested and well informed about Lister’s
antiseptic surgical techniques to prevent hospital infections after operations. In 1889, when
Kilmer was only 39, Johnson appointed him the first Director of the Scientific Department of
the Company. Kilmer helped to develop the market for Johnson & Johnson surgical
dressings, for which America’s great crop—cotton—was used for its absorbency. Following
the lead of Koch, Kilmer checked the effectiveness of sterilization using the anthrax bacillus.

Kilmer won many honors, including recognition in England through Fellowship of the
Royal Society of Arts in London. Clearly Kilmer was a seminal figure in the development of
methods aimed at preventing hospital infections and it is appropriate that we honor his
memory at these conferences.

At an international meeting such as this, one must stress the importance of infection not
only as a cause of human distress but in terms of its economic costs to the community at
large. Ways to control hospital infections have been the result of international collaboration
over the years based on the exchange of information in much the same way that we are
doing here.

The same spirit of international cooperation is still needed today to combat hospital
infection, because it remains a major threat to man’s health. Hospital infections represent a
failure on the part of our medical system and such failures have, from the first, been
particularly distressing and serious in teaching centers.

Historical Overview

For example, the classic epidemiological studies of Ignaz Simmelweiss in Vienna



culminated in his 1861 publication of conclusive evidence that puerperal sepsis occurred
much more frequently in the hospital wards attended by the students who had just come
from the dissecting rooms. Countless mothers’ lives could have been saved had the
students simply washed their hands. As an interesting side note, Harvard University gave a
professorship to Oliver Wendell Holmes who, in 1843, recognized the contagiousness of
puerperal fever.

It was the Scotsman, Joseph Lister (1749-1847), who developed and proselytized
antiseptic surgical procedures. As the science of microbiology developed, his ideas were
assisted through the work of Pasteur (1822-1895) in Paris and by Koch (1843-1910) in
Germany. Tribute should also be paid to Metchnikoff (1845-1906) in the U.S.S.R. who
made important contributions to our knowledge about how the body’s defenses are raised
against invading bacteria.

This new knowledge explained the way in which infections were spread and led to
radical reorganization of hospitals. In England, Florence Nightingale founded the nursing
profession and organized wards on the pavilion basis to isolate infections. She and others
strove to refute the widespread opinion, especially among the mothers of sick infants and
children in London, that hospitals were dangerous places—to stay away from if possible!

In this century there have been further developments in preventing and treating hospital
infections, which have also been called hospital added-infections, cross-infections or
nosocomial infections.

Regarding prevention, | should also mention the pioneering work of Leonard Colebrook,
for whom | worked as an intern in the Burns Unit at Birmingham Accident Hospital. Using
Bourdillon’s slit sampler, which drew air from the surrounding ward or dressing station onto
a slowly rotating Petrie dish (and was later incubated to show bacteria as cultures),
Colebrook demonstrated the very high atmospheric bacteriological contamination that
occurred when blankets were shaken or surgical dressings undone. In his Burns Unit, he
established the highest achievable standards of barrier nursing, aseptic non-touch
techniques for dressing changes, and so on. He was obsessional in his concern that the
bandages covered the burns properly to exclude added infections. He used his
bacteriological laboratory and bacterial typing to show how infections spread in hospitals. |
am proud to have been a collaborator on one of his many publications in 1947.

Another major development which has extended into both the treatment and prevention
of infections followed the work of Sir Alexander Fleming, a very close colleague of
Colebrook’s at St. Mary’s Hospital in London. Credit is given to Sir Fleming for the
discovery of penicillin. Penicillin was selected for development during World War |l as a
treatment against gas gangrene caused by anaerobic clostridium spores in soldiers’
wounds.

My own interest in burns after World War Il arose directly from my work with Colebrook,
learning about infections and the delay infection caused in healing and recovery.

During my service in the British Royal Army Medical Corps, | led a small team of young
investigators for the Scientific Adviser to the British Army Council, Sir Owen Wansborough-
Jones. Our responsibility was to give him advice about injuries from nuclear explosions.
Analysis showed that at Hiroshima, burns from the nuclear flash had been the largest single



medical problem, severely aggravated by the added infections which occurred there. To
assess the situation, we gave ourselves measured doses of radiant heat to produce flash
burns on our arms. From this work, undertaken with E. R. Drake Segar, E. E. Treadwell,
and Dr. J. R. B. Dixey, we could calculate the range of flash burns from atomic bomb
explosions.

We needed this information to solve the general problem of the total number of days of
burn injury after the explosion of an atomic weapon of any size. Figure 1 shows the healing
time of burns (vertically) against the range from the burst. The “volume” of the disc indicates
the man-days of military service lost. We also calculated that if the burns became infected,
the number of days of active service lost would be at least doubled or trebled. Since hands
are at greatest risk for flash burns, we undertook trials to see how long it would take to
bandage and protect a burned soldier’s hand from added infection. The answer was about
50 minutes per hand.

S

! flash burns

+— Range of uncomplicated
i
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i ' injuries

A. Areas

B. Healing times

C. Manpower
loss due to
uncomplicated
flash burns

Figure 1. Healing Time of Burns

The total manpower lost in nuclear war was shown to be astronomical. This calculation
quickly brought us to hope, even back in the 1950s, that politicians and military leaders
would eventually avoid being drawn into nuclear war. | like to believe this experimental
information about burning injuries from nuclear weapons played some small part in
educating.peopleaboutthe scale-of.injuries.and.of.the medical treatment needed in nuclear



warfare. Eventually, it was a combined group of Russian and American physicians who, by
uniting themselves against nuclear war, won the Nobel Peace Prize. Incidentally, the
American side was led by a contemporary of mine at Johns Hopkins Medical School, Dr.
Bertram Lowns. Thank goodness, steps are underway, at last, to diminish the threat of
nuclear war.

Hospital Infections Today

There is still a major battle to be won against infection in hospitals. Patients entering
hospitals for treatment still incur infections. Sadly, the very success of antibiotics may have
aggravated these infections, because doctors, nurses, and other workers are now much
less afraid of causing infections because “they can be treated”.

As we consider the costs to society of hospital infections incurred by patients, it is
necessary to keep uppermost in our minds the central human issue; that is, the risks to the
patients themselves, together in certain cases with the risks to the hospital staff.

Policy makers today must consider the costs of medicine to society as a whole. The
added costs incurred as a result of hospital infections have been brought into a much
sharper relief because the infections extend the duration of hospital treatment. As hospitals
are reimbursed in America on a case-cost basis (and may be presently in Britain), and such
costs do not include those for added infection, the economic losses associated with hospital
infections have attracted increased attention among hospital administrators.

It is necessary at this point to characterize hospital or nosocomial infections. First, what
is meant by infection should be defined. Table | shows criteria currently used to define
urinary tract infections, pneumonia, surgical wound infections, and bacteremia.

Second, where do nosocomial infections occur? As shown in Table Il, the number of
cases of nosocomial infections is greater in teaching institutions. This calls into mind the
fears of earlier patients concerning the dangers of teaching hospitals in big cities.

Table I. Definition of Infection at Various Sites
Site Definition

Urine: 100,000 colonies per mL urine
Wound Pus at incision site

Lung: Purulent sputum, new lung shadow
Blood: Positive blood culture

Burn: 100,000 organisms/gram tissue

Mandell G.L, et al., 1985 (6).

Table II. Nosocomial Infection Rates (cases/1000 discharges) U.S.A (1984)
Hospital Category Infections/1000 Discharges
Non teaching 22.2
Small teaching 33.8
Large teaching 41.4

Horang T.Cx; et-al:,1986:(3):



However, before we put the blame on student nurses and medical students, we should
note two very important factors. Nosocomial infections occur in those special services which
are likely to be found in the big teaching hospitals, such as the intensive care units, the renal
dialysis units, the burn units and the cancer treatment units. Teaching hospital centers are
also the places to which difficult and debilitated cases are often referred. In my opinion, it is
the seriousness of the illnesses of the patients referred to teaching hospitals which is
responsible for nosocomial infections today.

Where do nosocomial infections arise? Urinary tract infections take the lead (Table IlI).
Before antibiotics, physicians were very cautious about catheterizing the bladder. Now it
has become a routine practice in elderly and incontinent patients. The advantages to the
hospital of bladder catheterization are less urinary incontinence, less nursing support, less
laundry and less odor on the wards. But a substantial proportion of patients pay the price,
namely by becoming infected.

Table IIl. Estimates of Number of Nosocomial Infections in Various Acute Care U.S. Hospitals (1975-76)

Urinary Tract Infection 902,732
Surgical Wound Infection 510,402
Pneumonia 226,968
Bacteremia 102,950
All Sites 2,148,485

Haley, R.W., et al. 1985 (1).

The next most common nosocomial infection sites are surgical wounds. Such infections
are likely caused by poor surgical techniques, contaminated air in the operating theater, and
long-lasting operations which are aggravated by the patients advanced age, debilitated
condition and/or poor hygiene when changing dressings. May | pay tribute to the
investigations showing the importance of cleansing the hands in reducing infections
undertaken by a senior member of Johnson & Johnson, Dr. Hildick-Smith.

The next most common nosocomial infection is pneumonia. Just as the elderly patient
sitting in bed tends to develop urinary stasis and infection, so the post-operative case,
especially the elderly patient who has difficulty clearing the pulmonary tree with coughing,
gets bronchopneumonia.

Long-term intravenous catheterization creates a portal of entry for infection. The
discomfort of the metal needles used 40 or 50 years ago meant that intravenous infusion
was terminated as soon as possible. Now, the much more comfortable plastic catheters
mean that intravenous drips for antibiotics, parental feeding, access to blood for
investigations and so on, are used for a longer period of time. The risks of invasion are,
thus, aggravated, particularly when there is a cut down to the vein, especially in the femoral
region.

There are, of course, other sites for infections, too. Where do patients with nosocomial
infections accumulate in our hospitals? Perhaps, surprisingly, they can be found on the
intensive care wards. For example, in 1987 in Padua, Italy, 26.9% of the patients suffering
hospital. infections, were, . from, the  intensive care,ward. You can also find high risks of
hospital infection on renal dialysis units and on wards where there is immunosuppressive



treatment for cancer or transplantation surgery. In either circumstance, additional super-
infection by Candida albicans can cause devastating effects. It should also not be forgotten
that hospital infections arise on burn wards.

The most frequent pathogens isolated in patients from the U.S.A. with hospital infections
is summarized in Table IV. Infecting organisms and their relative sensitivity to antibiotics
vary greatly from country to country and from hospital to hospital, so the identity and rank
ordering of pathogens listed in Table IV may not necessarily be applicable elsewhere. The
list of organisms is, nevertheless, formidable.

Table IV. Most Frequent Pathogens in 29,562 Isolates, U.S.A (1984)

Pathogen %

Escherichia coli 17.8
Pseudomonas aeruginosa 11.4
Enterococci 10.4
Staphylococcus aureus 10.3
Klebsiella spp 7.4
Coagulase negative staphylococcus 6.3
Enterobacter spp 59
Candida spp 5.5
Proteus spp 5.1
Remainder 19.9

Horan, T.C., et al. 1986 (4).

More important is the antibiotic sensitivities of the infecting pathogens (Table V). Equally
important is the way antibiotic sensitivities are changing. An inevitable consequence of this
is the need for the continual development of new antibiotics to ensure that clinicians are
armed with the necessary weapons to defend their patients, particularly the infirm and
elderly, against invading bacteria. This is true whether the patients are hospitalized or not.
Of course, this implies higher costs for treatment in the future simply because of the rising
expenses of research and development for new antibiotic drugs.

Table V. Antimicrobial Resistance of Staphylococcus aureus (%), U.S.A. (1984)

Hospital Mathicillin Gentamycin Clindamycin Chloramphenicol Erythromycin
Non-teaching 6.0 8.6 9.1 54 11.9
Large teaching 11.3 10.6 10.4 7.2 18.0

Horan, T.C., et al. 1986 (5).

Economic Consequences of Hospital Infections

This leads to a discussion of the overall economic consideration of nosocomial infections.
While not forgetting that individual suffering and extra burdens on the hospital staffs underlie
all the statistics, what are the financial costs of hospital infections to society as a whole?
Specifically, what has been added to hospital costs by prolonged hospital stay, extra tests,
additional treatments and increased staff time? Early approaches simply studied the cases



of infections in hospitals at a given time and thereby determined the prevalence of infections
and expressed this as a percentage of the cases in the hospital. Another, and more
accurate approach, looked at the incidence of hospital infections in large numbers of
hospital cases. Prevalence studies probably bias the finding in favor of the infected cases
because they have longer hospital stays. Prevalence studies suggested that hospital
infections cause an extra 13 days of hospitalization. Incidence studies suggested that such
infections extended hospital stays by about a week.

A more scientific approach would be to establish a group of patients in whom infections
had arisen and match them for all known variables (i.e., sex, age, etc.), with a group of
patients who have not suffered hospital infections. Comparative costs could then be
determined.

In the end, the results of all three forms of analysis—prevalence, incidence or
comparative—will ultimately give the same answer, which is simply that the cost of hospital
infections is far too high.

The incidence of hospital infections has been estimated to be about five per 100
admissions. Prevalence studies in 47 hospitals in various countries under the auspices of a
WHO investigation, suggest a range of 3%-21%, with a median prevalence of 8.4% (Table
VI).

Table VI. Rates of Hospital Infections

Year Study Prevalence
1985 Ortona et al. 6.75%

1987 Manderova et al. 6.6%

1988 WHO, 14 countries 8.4%

1988 Sramova et al. 6.0%

Ortona, L., et al., 1985 (9).
Manderova, E., et al., 1987 (7).
Mayon White, R.T., et al., 1988 (8).
Sramova, H., et al., 1988 (12).

The extra days spent hospitalized because of hospital infection have ranged in various
studies from five to 40 for serious long-term urinary tract infections.

Bearing all these variables in mind, it is difficult to make national or international
comparisons of the costs of individual hospital infection cases. Such attempts are also
complicated by changing exchange rates and variations in price inflations over the years.
But in Boston, Massachusetts, the cost of nosocomial infection in 1984 was estimated as
$375 per case. The overall average costs in both hospitals and nursing homes for the
United States was calculated to be $1,800 (Table VII).

Table VIl. Estimated Costs of Hospital Infections, U.S.A. Per Case, 1985 $’s

Urinary Tract $ 600
Surgical Wound $ 2,700
Pneumonia $ 4,900

Bacteremia $ 3,100



All Cases $ 1,800

Haley, R.W. et al., 1987 (2).

That does not seem an unreasonable figure when we look at estimates of the extra days
spent in the hospital due to the various types of nosocomial infection. In American hospitals,
urinary tract infections caused an extra 15 days, surgical wound infections an extra six
days, pneumonia an extra six days, and bacteremia an extra seven days; this would be in
line with costs of about $250-$300 per day in 1985.

When we get into estimates of the national costs, the figures become alarming (Table
VIIl). A 1986 estimate of the costs associated with nosocomial urinary tract infections in the
United States alone suggested the total cost to be $1.8 billion per year. Another estimate
published in 1987 suggested the range of cost for all nosocomial infections was $5-10
billion a year. Recent publications in the United Kingdom suggest figures of £36-76 million
per year. This British figure may appear less than the cost in America but, in fact, it is in the
same general range considering the high cost of medical services in America compared to
Britain, the fact that the American population is over four times as large, and the rate of
exchange.

Let me reemphasize, these statistics do not consider patients’ suffering. For example, in
an eight year study of 32,284 surgical cases in Minneapolis, only 0.3% developed surgical
abscesses, however, even with the availability of antibiotics, a quarter of these patients
died. We must not become too confident that we can control hospital infections and we
must pay proper attention to the patient’s anxiety and suffering.

Table VIII. Total National Costs of Nosocomial Infections

All Infections
US.A 1985 $5-10 billion (Wenzel)
UK. 1986 £76 million (Taylor)
Urinary Tract Cases
US.A 1986 $1.8 billion (Rutledge & McDonald)

Wenzel, R.P., 1985 (14).
Taylor, L., 1986 (13).
Rutledge, K.A., et al., 1986 (11).

Conclusions

What should we be doing to minimize these significant burdens of suffering and cost?
We certainly must protect our nurses and hospital personnel from the consequences of
hospital infections, particularly those working in the dangerous sectors. Just as our staff,
particularly our young staff, risked tuberculosis in the past, so Hepatitis B is now a serious
concern. Both doctors and nurses may need immunization, especially those working on
dialysis units. Extra care is needed when disposing of needles in hospitals. The dreadful
epidemic of AIDS among drug addicts who share needles underscores this hazard. We
have recently learned how poor hospital infection control lies behind AIDS epidemics among



nursing mothers and children, first in Elista (55 cases) and then through the movement of a
single AIDS infected child to Volograd (22 cases).

From the patients’ point of view, attempts to reduce nosocomial infections have led some
surgeons to use prophylactic antibiotic cover during operations which involve exposing the
peritoneum to bowel contents. Table IX shows some savings estimates for this procedure in
surgical circumstances in France.

Table IX. Use of Prophylactic Cefoxitone in Major Surgery of Upper Gl Tract, France

Control Cases - 80% infected — cost 1,002 French Francs

Treated Cases - 15% infected — cost470 French Francs

Renauld Salts, J.L., et al., 1985 (10).

The best way forward involves “Perestroyka—the establishment of Infection Control
Committees in every hospital under a leading microbiologist, helped by a senior nurse. If
hospital infections do occur, savings can also be achieved by a proper, inexpensive,
antibiotic plan, which uses oral treatment to allow the patient to be discharged from the
hospital. Such plans must be agreed to by the hospital’'s Infection Control Committee and
only in this way will they become accepted. The vigilance initiated by Holmes, Simmelweiss
and Lister must not end yet. We must appreciate the ongoing battle with respect to hospital
infections demands a general appreciation of the incredible costs of such infections in terms
of lives, illnesses, and resources and their prevention.

The most inexpensive way to reduce the costs associated with nosocomial infections is
to ensure that our nurses, doctors, and ancillary staff recognize the importance of these
infections.

Let me end by saying new developments do not take away the need for vigilance about
old problems, especially problems as general as infections in hospitals.

Thank you.
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Modern Trends in Sterilization Science

Yuri lvanovich Prokopenko, M.D.
Ministry of Health, U.S.S.R.

Since the preceding speaker, Lord Butterfield, effectively disclosed the extent to which
hospital infections adversely impact society, we should make a detailed analysis of those
factors inside the hospital which make infections possible. The problem of hospital
infections is not a new one and a large number of researchers have already dealt with it.
The present international conference on sterilization, although discussing a rather narrow
area, seems to be ultimately aimed at combating hospital infection, or at least at resolving
one important aspect of this problem.

Experience shows that hospital infections are, epidemiologically, still infections in which a
decisive role is played by the “microbial factor” in the environment. To interrupt the
pathways by which infection is carried via objects in the environment is a problem which can
be solved by the decontamination approach, and which is vital for the prevention of hospital
infections.

Within the discussed context, the source of infection may not always be identified.
Sometimes the initial contamination of an object, such as a medical device, may take place
far removed and much earlier than the very moment it comes in contact with a patient.
Here, an important consideration is the process the item has been subjected to:
disinfection, presterilization cleaning, and sterilization. It is also possible that the source of
the infection comes from secondary contamination via the microbes present in the hospital
environment (e.g., air, appliances, personnel, etc.). In this instance, the source of infection
is close to the patient and in a position to widely disseminate microbe cells. No doubt, the
greatest success in preventing infections will be associated with the identification and
elimination of such an infection source. However, experience shows that in practice this is a
difficult task. That is why valid decontamination of hospital environment objects is essential,
since this would result in the lowest possible risk of secondary contamination of sterile
devices and equipment.

The decontamination of hospital environments is a problem of different levels of
disinfection, including antisepsis. Thus, in preventing hospital infections, the efficiency of
both sterilization and disinfection processes may be important. The impact of any
disinfection procedure on the probability of infectious disease outbreak will vary by individual
case and will need to be considered in the risk assessment analysis.

The conference agenda includes issues of both a general and specific nature. Taking
advantage of this opportunity, | should like to propose that three more issues be discussed.
These are significant for the problem of the decontamination of environmental objects, in
particular in the context of the hospital environment.

The first of these issues is of a general nature and concerns the problem of unity among
thesnoviewpointsethat" scientists -vhave < on-v'different levels of a single process of



decontamination. Differences may be found in the quantification of the degree of
decontamination and in the qualitative composition of microbial flora. Our experience, along
with other associates of our Institute, with the impact of various sterilization processes on
different microbes is summarized in Table |. I'd like to point out that the data in this table
should not be regarded as absolute.

From left to right are listed different decontamination levels, starting with the mildest one
—hygienic cleaning with a cleanser—and ending with the most stringent type, sterilization.
This set includes, in an advancing way, hygienic cleansing (with a detergent/disinfectant)
and skin antiseptics (resulting in hygienic disinfection of hands with a decontamination level
of 99.9% and the level of sterile samples of over 50%). Then follow two disinfection levels:
medium and high. These include decontamination of not only pathogenic spore formers, but
also other species of pathogenic microbes. Moreover, for a high-level disinfection, all the
pathogens must be eliminated, including spore-producing microbes. Sterilization may also
be level-differentiated: from 107 to 1073, i.e., a cell may germinate in one sterilized unit out
of every 108 or 103 units treated.

The second issue refers to the resistance of microbes to chemicals, and studies of the
laws governing the shaping of cell resistance in the environment as well as mechanisms of
resistance. Kinetics of decontamination and microbe mortality when exposed to different
disinfectants under laboratory conditions indicates that a monoculture is heterogeneous
concerning cell resistance. The microbe mortality kinetics may be plotted as a time
relationship. There are cells (as a rule, most of them) which are killed in the very first
minutes of the impact. However, there is a definite subset which only die after a prolonged
period of time. It is this subset that is particularly important, since there is a high probability
of survival of microbe cells in the environment. In practice, we have to deal with these
microbe cells when disinfecting hospital environments, although in laboratory experiments
the bactericidal effects are estimated for the entire cell population in the monoculture.

The experience gained shows that the so-called “residual contamination” is accounted
for by the cells which have a higher resistance to chemicals than laboratory strains do. As
we see it, there are two possible ways of shaping a higher resistance of the residual
contamination cells: selection and induction through the genetic apparatus. The mechanism
of inducing a higher cell resistance to certain chemical bactericides remains to be studied.

Our epidemiological observations of the effectiveness of preventive disinfection during a
quarantine for hepatitis A in nursery schools showed that 10%-15% of samples tested
positive for intestinal bacilli. For this value of residual contamination, the focal infection index
was 4.0. Introduction of current permanent disinfection procedures based on the application
of both chemical and physical methods decreased the percentage of positive tests ten-fold,
i.e., down to 1.2%-1.5%. This residual contamination level corresponded to a focal infection
level of 0.5. This example points to the significance of residual contamination and,
consequently, the increased resistance of microbes to disinfectants.

Table I. The Levels of Decreasing Microbial Availability After Disinfection and Sterilization



Pathogen Hygienic Cleansing Skin Antiseptics Disinfection Sterilization

Detergent Detergent- Hygienic Surgical Medium High

Disinfectant Hand Dis- Hand Treatment Level Level
Infection
Bacleria B0%:-90% 99.99% 70%-99.9%  99.9% and 50% 99.99%-100%  100% 1 survivor out of 108
sterile samples iterns (for some items,
out of 105-10° items, as
Viruses 99.99%-100% 100% the American standard
allows)
Fungi 99.99%-100% 100%
Spore Forming
Pathogens
Spore Forming
Saprophytes

The third issue to be discussed is the resultant toxicity of materials which have been
chemically treated to ensure sterility. Heat-resistant materials such as rubber and plastics
are often sterilized with chemicals. However, these very materials are characterized by an
ability to interact with chemicals, such as ethylene oxide and formaldehyde, resulting in the
production of fragile complexes. Both ethylene oxide and formaldehyde are fairly toxic in
low concentrations, even with a single exposure. The only way the material may be aerated
is by degassing which takes some time. Many items in medical use are designed in such a
way that it is practically impossible to effect a complete degassing. The only practical
approach is to evaluate the risk of the residual chemical concentration. It is important to
note that most of the methods of risk evaluation designed for and used in environmental
toxicology are not applicable in this case, since they have been oriented to multiple impacts.
In our case, risk is caused by a single impact or a series of impacts restricted by time limits
(the period of medical treatment).

Virtually all the materials which have been sterilized using chemicals come into direct
contact with the body fluids, primarily with the blood. In these cases, chemicals avoid
detoxication barriers they would naturally encounter if they entered the organism via the air,
drinking water, food, or through the skin. It may be assumed that in the case of parenteral
application, the mechanisms surrounding liver detoxication, such as microsomal oxidases,
may be activated. However, this will constitute a secondary effect after the chemical has
interacted with the target tissue. This issue, as well as other sterilization-related issues of
toxicology, deserve a detailed discussion.

Finally, one cannot help but discuss issues related to further development of sterilization
methods, both conventional and novel. Such issues are the topics of a number of
presentations. All the sterilization methods applied in medicine may be divided into two
groups: a) heat sterilization, b) cold sterilization. The first group includes pressurized steam
and dry hot air methods. The second group represents methods using radiation and
chemicals. It is common knowledge that the simplest, most reliable, and cost-effective
method of sterilization used in hospitals and clinics is heat. Research has shown that heat
sterilization still has potential for development. This method’s cost-effectiveness may be
substantially improved by the use of microcomputers in up-to-date steam sterilizers,
enabling isterilization..to..be..conducted. inna-- strictly predetermined way. An important



approach to updating heat sterilization, and especially steam sterilizers, is the design of the
process schemes for specific homogeneous (with regard to basic materials) characteristics.
This results in benefits such as less steam being spent, lower electricity losses, better
preservation of sterilized items, etc. Depending upon the characteristics of sterilized
materials (capillary-porous, nonporous, composite) there may be different time and heat
parameters associated with steam sterilization. Recently there has been an increase in the
range of temperatures used in many countries, from 105°C to 141°C. In serial-type steam
sterilizers so-called “speed” schemes have been applied, using a high steam temperature
(138°C to 141°C) and efficient pulsating air pumping. Sterilization time is in the order of 1 to
7 minutes. Such schemes have important implications in the hospital setting with respect to
urgent surgeries, including those made under emergency conditions.

With respect to sterilization based on ethylene oxide and formaldehyde, it should be
emphasized that, in spite of the fact that these methods have been regarded as “classical’,
there is still potential for improvement. Such improvements include the use of
microcomputers to enable a significant optimization in the sterilization process and the
choice of either ethylene oxide or formaldehyde.

Solutions of sporicidal chemicals occupy a particular place in cold sterilization methods.
Among the most commonly used are a 6% solution of hydrogen peroxide, acetic acid-based
preparations, and a 2.5% solution of glutaraldehyde. Although the above chemicals are
active sporicides, they have certain limitations, including corrosion effects, high residual
toxicity and personnel toxicity, and a lack of special-purpose equipment for handling the
solutions. New sporicides should be actively sought and new preparations should be
developed.

A number of presentations will discuss the issue of radiation sterilization. | would like to
dwell upon a few aspects related to this issue. One of them is a tendency to reduce the
radiation dose while at the same time ensuring adequate sterilization. Toward this goal,
industries producing sterile items should ensure both minimal contamination of the items
being sterilized and an absence of highly resistant microbe species. This may be possible
only under conditions of clean, from a microbiological point of view, production lines. (In
such a case the radiation dose may be as low as 20 kGy, or even lower).

The effective dose of radiation may also be reduced when radiation is used in
combination with other physical or chemical factors exerting bactericidal effects. However,
these questions require extensive study and technological developments.

Finally, | cannot help mentioning some areas of novel development undertaken in several
countries, including the U.S.S.R., that have potential applications for medical sterilization.
These include low-temperature plasmas, particularly in combination with some gaseous
chemical substances, super-high frequency radiation, and laser methods. Some of these
methods may be upgraded to the level of industrial applications in the near future.
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Fundamental Aspects of Microbial Resistance to Chemical
and Physical Agents

A. D. Russell, Ph.D.
Welsh School of Pharmacy, Wales

Introduction

Microorganisms show a wide divergence to chemical and physical agents. ‘Slow viruses’
or prions are the most resistant microorganisms to biocides and to various sterilization
methods. Other highly resistant organisms include bacterial spores, with Coccidia and acid-
fast bacteria having above-average resistance to disinfectants (Table 1) (39).

Progress towards understanding the reasons for different responses has been slow and
steady rather than spectacular. It is the purpose of this paper to examine the fundamental
aspects of microbial resistance to some important biocides and physical sterilization
processes and to suggest ways in which additional information may be obtained. Some
biocides, e.g., ethylene oxide and glutaraldehyde, are important chemosterilizers (5). Other
biocides, used in combination with a physical process, are part of potentially important
sterilization procedures, e.g., low-temperature steam with formaldehyde (LTSF) and
hydrogen peroxide with ultraviolet radiation (18, 60, 61).

Resistance is well-defined when antibiotics and other chemotherapeutic agents are being
considered. When applied to biocides and physical processes, however, it is less clearly
defined. Some authors prefer to use ‘resistance’ and ‘resistant’ where there is a clear
genetic association or basis, and recommend the alternative use of ‘tolerance’ and ‘tolerate’
when a genetic basis for insusceptibility has not been established. In this paper, however,
the common practice with chemical and physical agents has been adopted
(resistant/resistance), and is used to denote a bacterial or other organism that is not
susceptible to a concentration of biocide (or the dose of a physical process) used in
practice. In addition, these terms are also used to denote a microbial strain or species that
is not killed or inhibited by a concentration of biocide (or the dose of a physical process)
that kills or inhibits the majority of that particular organism.

Bacterial Spores

Bacterial spores are the most resistant bacteria to biocides and most physical
processes (Table |). Some biocides are sporicidal, but for a sporicidal effect, much higher
concentrations are necessary for longer periods of time than is needed for a bactericidal
action against non-sporing bacteria (45, 46).

Table 1. Comparative Responses of Microorganisms to Chemical and Physical Agents

MicroorganismSensitivity 'or Resistance Comments




Bacteria Non-sporing bacteria are most susceptible gsgzﬁéosmonas aeruginosa may show high resistance, e.g.,
Acid-fast bacteria are more resistant to chemical
and physical agents

Deinococcus radioduran is the most resistant organism to

Bacterial spores are most resistant to biocides UV and ionizing radiations

Fungi Fungal spores may be resistant to biocides Rather less resistant than acid-fast bacteria
Vi Non-enveloped viruses more resistant than Prions are most resistant of all types to chemical and
iruses oY :
enveloped forms to biocides physical agents
Parasites Coccidia may be highly resistant to biocides Similar to bacterial spores

Bacterial spores are complex structural entities (Figure 1). Surrounding the spore core
(protoplast) is the cortex around which are one or two spore coats. In some types of
spores, an exosporium is present, but may surround just one dense spore coat. Located in
the protoplast is the RNA, the DNA and most of the calcium, potassium, manganese, and
phosphorus which is present in the spore. Also present is a substantial amount of low
molecular weight (MW) basic proteins that are degraded rapidly during germination (50).
The cortex consists largely of peptidoglycan, and a dense inner layer (cortical membrane)
develops into the cell wall of the emergent cell when the cortex is degraded during
germination. The inner (IFSM) and outer (OFSM) forespore membranes become the
cytoplasmic membranes of the germinating spore or persist in the spore integuments,
respectively. The spore coats consist mainly of protein.

Exosporium

Core

Plasma membrane r NN ~—Quter spore coat

Germ cell wall Inner spore coat

Cortex

Figure 1.  Structure of a ‘typical’ bacterial spore.

Effect of Biocides

The comparatively high resistance of spores to many biocides (Table Il) is undoubtedly
related-tothepresence of thespore’coat(s) and possibly also to the cortex. Support for



this contention comes from several lines of research (42-46, 60, 61):

— a comparison of wild-type and various sporulation (Spo~) mutants of the Bacillus
subtilis strain 168 (38, 51);

— development of resistance of wild-type strains during sporulation (Figure 2A, 2B) and
association with specific structural changes in the cells;

— a comparison of normal and coat-less spores; and

— the use of conditional cortex-less (Dap~) mutants of B. sphaericus in which the
amount of cortex depends on the exogenous concentration of diaminopimelic acid (Dap)
(26).

Table II. Mechanisms of Bacterial Spore Resistance to Biocides
Antibacterial Agents Spore Component Associated with Resistance
Alkali (NaOH) Cortex
Octanol* Cortex

Xylene* Cortex
Lysozyme Spore coat(s)
Chlorine compounds (hypochlorites, chlorine dioxide) Spore coat(s)
Glutaraldehyde Spore coat(s)
lodine Spore coat(s)
Ozone Spore coat(s)
Hydrogen peroxide Spore coat(s)
Chlorhexidine Spore coat(s)
Ethylene oxide * Spore coat(s)?

* Based on studies with Dap™ Mutants
* Conflicting data reported
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Figure 2. Development of resistance of B. subtilis 168 during sporulation (38, 51). Tol, toluene; CHA, chlorhexidine
diacetate; Lys, lysozyme; Glut, glutaraldehyde

On the basis of these approaches, the following conclusions may be reached: resistance
to toluene (not a true antibacterial agent, but a useful marker) is an early event in
sporulation. Resistance to chlorhexidine develops just before the onset of heat resistance,
whereas resistance..to- lysozyme;.especially..glutaraldehyde, develops at a late stage.



Jenkinson (28) proposed that lysozyme resistance was related to the synthesis of specific
high MW spore coat proteins. It is unlikely that glutaraldehyde resistance can be ascribed
to the same or a similar spore coat protein because the dialdehyde molecule is highly
reactive and interacts strongly with amino groups in different types of protein (38).
Resistance to ozone, lysozyme, hypochlorites, glutaraldehyde, hydrogen peroxide, iodine,
and chlorhexidine is associated with spore coats. These offer better protection in some
spores than others, e.g., in Clostridium bifermentans, the spore coats present a protective
barrier against hydrogen peroxide but are much less effective in conferring resistance in B.
cereus. A possible reason for this is the different coat composition found in different
species, although the exact basis has not been elucidated. Reasons for the resistance of
spores to ethylene oxide remain unsolved; removal of sporecoats has been claimed to
decrease resistance in B. subtilis but not in B. cereus T, and mutant strains of the former
have been described with defective coats but have increased resistance to the gaseous
disinfectant (45,46).

The cortex may be implicated in bacterial spore resistance to octanol and xylene (26)
although this conclusion is based on studies with Dap™ mutants of B. sphaericus and other
changes in the cortex were not taken into account (60).

Effects of Physical Processes

Bacterial spores are inactivated by high temperatures and by high doses of ionizing or
ultraviolet (UV) radiation. UV light is only slowly lethal to spores and thus is not considered
to be a sterilization process. Examples of inactivation curves that are produced can be
found in Figure 3.

{a) (b) {c)

Veg.cells Spores

Surviving fraction

Time Dose Dose

Figure 3. Inactivation curves of bacterial spores exposed to (a) moist heat, (b) ionizing radiation, (c) ultraviolet (UV)
radiation.

Moist Heat

Most attention has been devoted to understanding the nature of spore resistance to
moist°heat:"As’pointed out°by Lindsay etal"(30),°heat resistance varies between and within



species and depends upon several factors, in particular the sporulation, heating, and
recovery conditions. The exact mechanism of heat resistance remains unclear, but there is
little doubt that it is associated with the water content of the core (20, 62, 63).

Various theories have been put forward in an attempt to explain the phenomenon. These
generally have been of two types:

1. Partial dehydration of the spore coat. Support for this concept has come from the
contractile cortex theory (involving contraction to maintain the lowered water content) and
the expanded cortex theory (in which partial dehydration results by expansion of the cortex
against the spore coats) leading to the osmoregulatory cortex theory. In this theory, the
loosely cross-linked polymer is envisaged as being osmotically active (22). In the
anisotropic cortex theory (63), it is proposed that dehydration of the core arises from
cortical tension; here, layers parallel to the surface are in tension so that the swelling
pressure is confined to a radial, as opposed to a uniform, direction.

Drying produces large increases in the heat stability of many non-spore proteins, and
spore enzymes may be stabilized by partial dehydration.

2. General molecular stabilization of core components. This theory propounds that such
stabilization results from molecular rearrangements in the core, e.g., the interaction of the
specific spore component dipicolinic acid (DPA), in the form of its calcium chelate (CaDPA),
with DNA and possibly, proteins (6). DPA and CaDPA affect the mobility and thermal stability
(melting temperature) of nucleic acids consistent with DNA being in the A-form inside spores
instead of the more normal B-form. Furthermore, studies with ultraviolet radiation have
demonstrated the close proximity of DPA and DNA inside the spore coat. Because the
amount of DPA/CaDPA inside the spore is much greater than the amount of RNA and DNA,
it has been proposed that any uncomplexed DPA/CaDPA could stabilize enzymes and
proteins (30).

Gerhardt and his colleagues (2-4, 20) have attributed the thermoresistance of spores to
three main physicochemical factors that affect the protoplast (Table Ill). These are (a)
dehydration; (b) mineralization, i.e., heat resistance decreasing with H-form spores
(demineralized) and regained with Ca-form (remineralized); and (c) thermal adaptation,
since spores of thermophilic species are more heat resistant than those of mesophilic or
psychrophilic species. Spores of a given species are more thermoresistant when grown at
maximum temperatures than when grown at optimal or minimal temperatures (2, 20). These
three factors contribute to heat resistance, but the predominating factor is undoubtedly
dehydration. Spores retain their heat resistance when the coats (and exosporium, if
present) are removed; however, further removal of the cortex produces protoplasts that are
unstable and heat-sensitive. A similar response occurs when spores are pretreated with
sublethal concentrations of chlorine, which is believed to damage the cortex.

Low pH spores are more sensitive to high temperatures (acid-heat treatment). A reason
for this decreased resistance may be the protonation of cortex peptidoglycan with a
consequent fall in its osmotic effectiveness. These data support the contention that
maintenance of the integrity of the cortex is essential for maintaining the thermoresistance
of the spore. This is achieved by the cortex exerting pressure on the spore core thereby
stabilizing its partly’dry interior. "The exact mechanism whereby the low water content of the



core is achieved and maintained has yet to be solved.

Dry Heat

The water content of spores is an important factor in determining inactivation by dry
heat. Only a relatively small amount of water is needed to protect the heat-sensitive site
and resistance to dry heat depends mainly on the location of water in the spore and on its
association with other molecules. Presumably, molecular stabilization can also occur as
described above.

lonizing Radiation

lonizing radiation strips electrons from the atoms of the material through which they
pass. lonizations occur principally in water, resulting in the formation of short-lived, but
highly reactive hydroxyl (OH") radicals and protons (H*). Damage to DNA is brought about
by OH radicals which are responsible for inducing strand breakage. It is a process that has
been widely used in medicine and is one method for sterilizing pharmaceutical and medical
products. This process is currently being examined for its possible use in sterilizing or
decontaminating certain foods.

lonizing radiation is highly lethal to most organisms including bacterial spores. However,
exotoxins are more resistant and higher radiation doses are needed to inactivate them than
is needed to Kill spores. Several other factors influence activity, notably the presence of
oxygen during irradiation (spores are less sensitive under anoxic conditions) (42), the stage
of sporulation, and pre-irradiation treatment.

lonizing radiations induce single strand (SSB) and double strand (DSB) breaks in
microbial DNA that, unless repaired, are likely to inhibit DNA synthesis or cause some error
in protein synthesis, leading to cell death (34). Although not the only target, DNA is the
principal one and the state of DNA in the cell is important. Several possible reasons (Table
[I1) have been proposed for the higher resistance of spores than of non-sporing bacteria:

— the presence of a radioprotective substance (none has been found);

— protection conferred by the spore coats (coat-less spores are not more sensitive);

— state of DNA in spores. DNA in spores exists in the A-form associated with a low MW
value and a partially dehydrated spore core. This type of DNA in the intact spore is more
resistant to SSB and DSB than DNA existing in the natural B-form in intact vegetative cells
(34). DNA extracted from spores, however, shows the same response in vitro to ionizing
radiation as DNA extracted from non-sporing bacteria. DPA and CaDPA have been shown to
stabilize DNA inside spore cores, and it is possible that this could contribute towards spore
resistance; and,

— repair of damage. SSB in bacterial spores can be repaired during post-irradiation
germination. It is claimed that, in the radiation-resistant C/. botulinum 33A, direct rejoining
of SSB occurs during or after radiation in spores existing under non-physiological conditions
at 0°C.and.in the absence. of, germination.(34).. Such repair in these dormant ungerminated



spores may result from DNA ligase activity.

Table IlI. Mechanisms of Bacterial Spore Resistance to Physical Processes

Physical Process Mechanism(s) of Spore Resistance

Dehydration of core (most important factor)
Moist heat Mineralization
Thermal adaptation

Dry heat Location of water and possible association with other molecules
lonizing radiation A-form DNA (more resistant to SSB and DSB) Repair of damage
Ultraviolet radiation Genetically-controlled repair mechanisms (‘spore repair’ and excision repair)

Ultraviolet Radiation

UV radiation does not possess enough energy to eject an electron to produce an ion,
although there is an alteration of electrons within their orbits. As such, it is a less effective
process than ionizing radiation. Bacterial spores are generally more resistant to UV
radiation than non-sporing bacteria (Table I1l; cf. Table ).

Exposure of non-sporing bacteria to UV light results in the formation of purine and
pyrimidine dimers between adjacent molecules in the same strand of DNA (Figure 4A,
forward reaction). Other types of photoproducts are found in D. radiodurans (Figure 4B)
and in bacterial spores (Figure 4C). Unless removed, these photoproducts form non-coding
lesions in DNA and death results. The spore photoproduct TDHT (5-thyminyl-5,6-
dihydrothymine; Figure 4C) is identical to a product that accumulates in DNA exposed dry,
or as a frozen solution, to UV radiation. UV-sensitive mutants of UV-resistant B. subtilis
spores form the same photoproduct (TDHT) and to the same extent for a given radiation
dose. It therefore follows that UV resistance is associated with the ability, and UV sensitivity
with the failure, to remove TDHT.

Two genetically-controlled repair mechanisms have been described for this removal
(Table IllI). The ‘spore repair’ mechanism involves the elimination of TDHT during
germination, although vegetative cell growth is not required. In excision repair, TDHT
disappears slowly from the large molecular weight trichloracetic acid (TCA)—insoluble
fraction and appears in the TCA-soluble fraction (Figure 5B).



9 i i ¢
I CHy HaC
c C Co 1 2 3 -._'_,..-C-M
g, e
+ S
= - = {: C:=
0:C ., ~CH HC\ ~C=0 “PR  0=C~, G 2
H H H H
(T) (T) (TT)
(B) (C)
o

CHy

o
I:H, EHZ ﬁ
HN o8 HN NH
L& of
o M OH 0F N H N qﬂ
H H H

Figure 4. Ultraviolet (UV) radiation-induced photoproducts in sporing and non-sporing bacteria.

(@) Thymine dimer formation (forward reaction) in non-sporing bacteria, and photoreactivation (PR, reverse

reaction)
(b) 5,6-dihydroxydihydrothymine in D. radiodurans
(c) 5-thyminyl-5,6-dihydrothymine (TDHT, spore photoproduct) in bacterial spores

(A) (8)

T+T

l

TOHT

Germnating

L]

L]

]

]

I

]

]

]

I

i

[}

! q% spores rq'r} )
I [ [
; lﬁmmﬂ ‘f-'q‘_%?
1 repgir

i

1

t

i

i

1

1

T+T

Naol De ; TOHT containi

. stroys chemical : ng
opphicoble siruciun® regions transferred
to TCA - soluble

IoT in ONA frogments

Figure 5.  Repair of ultraviolet (UV) radiation-induced damage in (A) non-sporing bacteria, (B) bacterial spores.
T, thymine; TT, thymine dimer; PR, photoreactivation; TDHT, 5-thyminyl-5,6-dihydrothymine; TCA, trichloracetic acid.

Non-Sporing Bacteria

Considerable variation exists between the susceptibility of different non-sporulating
bacteria. to biocides. . I hese.organisms .are generally, not heat-resistant, although some are
less sensitive to physical processes than others. A notable example is D. radiodurans and



ionizing and UV radiation. Non-sporing bacteria will be discussed in the context of
mycobacteria, other Gram-positive organisms, and Gram-negative bacteria.

Mpycobacteria

Mycobacteria are generally more resistant to biocides than other non-sporing bacteria
(15, 41). Mycobacteria possess a high cell wall lipid content and their resistance appears to
be related to the amount of waxy material present (41). Mycobacterial walls contain several
components (37): (a) a covalent skeleton comprising two covalently linked polymers,
peptidoglycan and an arabinogalactam mycolate; (b) free lipids which can be removed by
neutral solvents; and (c) peptides which are removable by proteolytic enzymes.

Within the mycobacterial group, however, there are wide responses to biocides (15).
Quaternary ammonium compounds (QACs), chlorhexidine, and dyes are inhibitory to
Mycobacterium tuberculosis and to other mycobacteria, but are not tuberculocidal.
Alcohols, formaldehyde-alcohol, iodine-alcohol, formaldehyde, and probably glutaraldehyde
(10) are tuberculocidal. Another significant pathogen, particularly with AIDS patients, is the
M. avium intracellular group (MAIS group). These organisms have a greater resistance to
glutaraldehyde than M. tuberculosis (11, 24). M. gordonae is also highly resistant (10)
whereas M. marinum, M. smegmatis, and M. fortuitum are highly susceptible (10). M.
terrae and M. tuberculosis have a similar susceptibility towards disinfectants and because
the former organism is relatively fast-growing with a low pathogenic potential, it has been
recommended that the M. ferrae be used for determining the tuberculocidal activity of new
products (59).

Reasons for the differing resistances to biocides are unknown. Variations in response of
the particular organism to a specified disinfectant have been reported (1, 9), and it is
possible that differences in culture history could be associated with these variations.
Differences in cell wall composition, and hence altered wall permeability, could be a primary
reason for the responses of various mycobacteria, but a true assessment of the
mechanisms involved must await the results of more fundamental studies.

Other Gram-positive Bacteria

Gram-positive bacteria such as staphylococci and streptococci are generally considered
to be susceptible to chemical and physical agents. By virtue of its truly phenomenal ability to
repair damage to DNA, D. radiodurans is considerably less sensitive to ionizing and UV
radiations than other non-sporing (and indeed, sporing) bacteria. This organism is more
than 30 times as resistant as Escherichia coli B/r to UV light and more than 50 times as
resistant to ionizing radiations (34). Repair of UV-induced damage involves
photoreactivation and dark repair mechanisms.

The light-induced photoreactivation repair mechanism is present in most, but not all (e.qg.,
D. radiodurans), wild-type bacteria and is error-free since it does not cause mutation.
Excision repair is a multi-enzyme process that involves removal (Figure 5A) of UV-induced
pyrimidine-dimers' (Figure 4A)Post-replication recombination repair of UV damage works



synergistically with excision repair in bacteria that are exposed to UV radiation during
exponential growth (34). A further repair mechanism is induced error-prone repair linked to
the SOS response and increased mutagenesis.

The highly radiation-resistant organism D. radiodurans is able to tolerate large numbers
of double strand breaks and can tolerate doses of ionizing radiation that produce up to 240
double strand breaks per genome. The mechanism whereby the organism achieves repair
of this DNA damage is unknown.

Staphylococci are sensitive to most biocides. It must be noted, however, that the low
minimal inhibitory concentrations (MICs) observed with QACs do not reflect a rapid
bactericidal effect. Problems have recently been encountered with methicillin-resistant
Staphylococcus aureus (MRSA) strains. Some of these are resistant to QACs and to other
nucleic acid-binding (NAB) agents (21, 32). The determinant for the resistance has been
physically mapped on pSK57, a penicillinase plasmid detected in MRSA strains. Plasmid-
bearing MRSA strains are more resistant to QACs than are plasmid-free MRSA strains, and
this QAC resistance can be transferred to the latter. Two resistant genes are involved, one
specifying resistance to diamidines (e.g., pentamidine isethionate), and the other to other
NAB agents (e.g., QACs, acridines, ethidium bromide). By means of recombinant DNA
techniques, both determinants have been cloned in E. coli. The manner whereby resistance
to the most important of these agents (QACs) is expressed is not fully elucidated. However,
resistance to ethidium bromide results from a diminished uptake by resistant cells, caused
by an efflux system whereby this agent is extruded from the cell interior. A similar
mechanism may be possible for QAC resistance (Table 1V).

Table IV. Mechanisms of Resistance of Methicillin-resistant S. aureus (MRSA) Strains to Biocides™

Chemical* Mechanism(s) of Resistance of MRSA Strains
Ethidium bromide Efflux

Acidines Efflux

QACs Efflux (but unusually low-level resistance)
Dibromopropamidine isethionate Efflux?

Chlorhexidine Efflux? (low-level resistance only)

* Ethidium bromide is not used as a biocide and the acidines rarely used as such

* E. coli strains carrying recombinant plasmids (with genetic material from S. aureus resistance plasmids) are more
resistant to all the above chemicals than are isogenic plasmid-less strains

It must be pointed out that the level of QAC resistance found to date is not high, MRSA
strains being about four times less sensitive to QACs (or, in some cases, to chlorhexidine)
than methicillin-sensitive (MSSA) strains. Thus, clinical problems have not, as yet, arisen by
employing these biocides.

Plasmid-mediated resistance to inorganic mercury salts and to organomercurials have
also been described in S. aureus (see Table V).

Gram-negative Bacteria



Mechanisms of resistance of Gram-negative bacteria to biocides are less well
understood than are those to antibiotics, but can be considered as being either natural
(innate, intrinsic) or acquired (Figure 6). Resistance to heat, ionizing and UV radiations does
not appear to be a problem.

Intrinsic resistance to biocides is associated mainly with the outer membrane of Gram-
negative bacteria (Table VI). The cell surface of smooth strains is hydrophilic in nature;
deep rough (heptoseless) mutants, on the other hand, tend to be much more hydrophobic.
Thus, wild-type (smooth) strains are most resistant to hydrophilic agents (23, 35, 47, 48). A
distinction must be drawn between low MW hydrophilic molecules (< 600) which can readily
enter the cell via the aqueous porins, and hydrophobic molecules which diffuse across the
outer membrane bilayer. In wild-type bacteria, intact lipopolysaccharide (LPS) molecules
prevent ready access of hydrophobic molecules to the cell interior, probably by shielding
phospholipid molecules. In deep rough strains (which lack the O-specific side chain and
most of the core polysaccharide of the wild-type LPS) and in EDTA-treated strains, patches
of phospholipid appear at the cell surface, with the possibility that the head-groups are
oriented towards the exterior and the side-chains towards the interior. A third pathway of
entry has been proposed for cationic bactericides (23). QACs and biguanides, e.g.,
chlorhexidine, both interact with phospholipids and LPS, and it has been suggested that
these biocides damage the outer membrane promoting their own uptake. There are,
however, significant differences in cellular responses to these agents; whereas
chlorhexidine is almost equally effective against wild-type and deep rough mutants, QACs
are considerably more active against the former. Contamination of QAC solutions with
Gram-negative rods can, therefore, be a hazard (49).

Table V. Role of Plasmids in Bacterial Resistance to Biocides
Biocide Plasmld-specil::S d Resistance Biochemical Mechanism of Resistance
Ag " salts E. coli, Salmonella typhimurium Reduced silver uptake
Inorganic Hg?* compounds Several types of bacteria Mercuric reductase
Organomercurials E. coli, S. aureus, P. aeruginosa Hydrolase and reductase enzyme

systems
Formaldehyde and formaldehyde-reducing . Possibilities: .

Serratia marcescens — surface changes in cells
agents .

— aldehyde metabolism

Hexachlorophane P. aeruginosa Unknown

* Plasmid-mediated resistance to various anions and cations is also known. Since these are rarely used as antibacterial
agents, they are not considered here.

* For information on MRSA strains, see Table IV.
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Figure 6. Resistance mechanisms of non-sporing bacteria to biocides.

Table VI. Intrinsic Resistance of Gram-negative Bacteria to Biocides: Pathways of Biocides Entry into Bacteria®
Pathway of entry Application*®

Hydrophilic route Low MW (< ca. 600) hydrophilic biocides; hydrophobic molecules excluded

Hydrophobic LPS processes underlying PL in wild-type cells; in envelope mutants with defective LPS, entry of
route hydrophobic biocides

Self-promoted

entry Damage to outer membrane by biocides promotes its own entry into cell*

* LPS, lipopolysaccharide; PL, phospholipid
+ Chlorhexidine might act in this manner, but with other cationic bactericides (quaternary ammonium compounds and
diamidines) LPS appears to act as an important barrier conferring intrinsic resistance in wild-type cells.

The interaction of bacteria with surfaces is initially reversible and eventually irreversible,
leading to the production of a continuous biofilm on the colonized surface. Bacteria within
such a biofilm reside in a specific microenvironment that differs from cells grown in batch
culture under ordinary laboratory conditions (14).

Bacteria within biofilms are much more resistant to biocides than are cells in batch-type
culture. There are two possible reasons for this phenomenon: physiological changes in the
cell or penetration barriers presented by the exopolysaccharide matrix (glycocalyx). The
latter seems more likely and is responsible for the resistance noted to several biocides
(14). Subculture of cells in vitro results in loss of the glycocalyx and reimposition of biocides
activity (Figure 7).
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Acquired resistance (Figure 6) results from genetic changes in a cell and arises either by
mutation or by the acquisition of genetic material from another cell, e.g., by conjugation.
The development of resistant mutants by selective procedures is not an area in which many
studies have been made with biocides. Resistance to chlorhexidine can be readily
developed in some bacterial strains but may or may not be stable when the cells are
transferred into chlorhexidine-free media. Likewise, chloroxylenol-resistant strains of P
aeruginosa have been prepared by repeated subculture in media containing gradually
increasing concentrations of the xylenol, but the cells remained sensitive to a combination of
chloroxylenol plus EDTA (47, 48). Acquired resistance involving genetic exchange is
potentially more important by far. Plasmid-encoded resistance to antibiotics is well
documented, but there have been comparatively few studies made with the specific aim of
determining the role of plasmids in bacterial resistance to biocides (44) apart from heavy
metals, such as organic and inorganic mercury compounds (53), and formaldehyde (25).

Mercury resistance is plasmid-born, not chromosomal, and may be transferred from
donor to recipient cells by conjugation or transduction. Plasmids conferring resistance
(Table V) are either (a) ‘narrow-spectrum’, responsible for resistance to Hg?* (by reduction
to, and vaporization of, metallic mercury) and a small number of organomercurials; or (b)
‘broad-spectrum’, specifying resistance to all compounds in (a) and to additional
organomercurials, including the important preservatives phenylmercuric nitrate (or acetate)
and thimerosal.

Plasmid-determined resistance to Ag* is also known, a point of potential significance in
hospital infections where silver nitrate and silver sulphadiazine (AgSu) have been used
topically for preventing infection in severe burns. It is often difficult, however, to transfer
silver resistance from AgR to AgS strains.

Plasmid-mediated resistance to biocides is not unknown. A correlation exists between
formaldehyde resistance and specific activity of aldehyde dehydrogenase in Pseudomonas
spp"(25), “and-resistance 'to formaldehyde-isassociated with resistance to formaldehyde-



releasing agents. The aldehyde dehydrogenase is constitutively present in high
concentrations in formaldehyde-resistant bacteria. Nevertheless, although formaldehyde
resistance in S. marcescens and P. putida is plasmid-mediated and transferable, it is
unlikely to depend solely on aldehyde dehydrogenase since there are also changes in outer
membrane proteins in the resistant cells.

Current knowledge suggests that plasmids are not generally involved in the resistance of
Gram-negative bacteria to biocides and that such resistance is intrinsic and not transferable
(44). The possibility exists that resistance to antibiotics is linked to biocides resistance (47).

Molds and Yeasts

Fungi are ubiquitous, eucaryotic microorganisms, relatively few are capable of causing
human diseases (13), and they show considerable diversity in size and morphology (17).
Diseases (mycoses) caused by fungi are basically of three types: superficial,
subcutaneous, and systemic. Some systemic fungal pathogens such as Coccidioides
immitis and Histoplasma capsulatum are highly pathogenic, whereas others, e.g., Candida
albicans and Aspergillus fumigatus, are opportunistic pathogens. Candida species are
commonly found as human commensals (36), and other yeasts causing human infections
include Rhodotorula glutinis and Trichosporon pullulan (52). Some yeasts and molds are
significant because they can cause spoilage of food and pharmaceutical and cosmetic
products.

Many biocides show both antibacterial and antifungal activity, although the latter effect
may be fungistatic rather than fungicidal (16, 33). Compounds with antifungal activity include
aldehydes, phenolics (notably the halogenated members), QACs, chlorhexidine,
organomercury derivatives, parabens, and organic acids. Fungal spores are, however, often
resistant to chemical disinfectants. Very little modern work has been undertaken to
understand the route(s) of entry of biocides into fungal cells. In 1969, Miller (33) published a
paper on mechanisms for reaching the site of action of fungitoxicants in fungal conidia. Most
of the toxicants studied were metals, and much of the discussion centered around the role
of the cell membrane, the factors influencing the efficiency of toxicants in reaching their site
of action, and the nature of that site. The possible barrier role of the cell wall was dealt with
briefly. More modern techniques and the possible employment of resistant and
hypersensitive mutants could lead to useful information about the role of different cell wall
components in conferring intrinsic resistance and about ways of overcoming this. For
example, recent studies (64) have demonstrated that yeasts grown in the presence of
benzoic acid tolerate higher benzoic acid concentrations, possibly because of reduced
permeability to the acid.

Viruses

Effects of Chemical Agents

The “effects of "biocides "on"bacteria“ are reasonably well understood. Activity against



viruses, on the other hand, is less well documented, the results are often confusing,
sometimes conflicting, and the mechanisms of viral responses are usually unclear. Some
important recent studies by Thurman and Gerba (57, 58) address this problem. There
remains, however, the question of prions and their high resistance both to chemical and
physical agents.

Viruses are basically simple acellular particles that consist of a protein coat (capsid)
surrounding either RNA or DNA. Disinfection may be accomplished by (a) permanently
immobilizing virus particles on a cell surface; (b) blocking or destroying host cell receptors
on the virus; or (c) inactivating RNA or DNA within the capsid, in each case with the intention
of preventing viral reproduction in a susceptible host cell (57). Factors influencing
disinfectant activity include type of virus, type of disinfectant, period of contact, presence of
organic matter, and the nature of the target site, i.e., nucleic acid in some instances, and
protein in others (55). The inactivation cures that are usually observed are depicted in
Figure 8 (55): ‘A" denotes an exponential rate of inactivation; in ‘B’ the presence of small
percentages of viral aggregates that are more resistant to inactivation is believed to be
responsible for the tailing effect; whereas the biphasic response in ‘C’ is considered to be
the result of large percentages of viral aggregates. Subsequently, these are dispersed into
individual virons or smaller aggregates that are more susceptible to the disinfectant. Curve
D shows a rapid initial inactivation. Some biocides induce structural changes in virons (56).
Partly because of their complexity and interaction with the environment, bacteria are
considered to be more easily inactivated than viruses (57), which, in contrast, show no
metabolic processes outside a host cell. Furthermore, it is likely that the complex interaction
that occurs between one type of virus and a biocide does not necessarily occur with
another viral type.
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Figure 8.  Typical survival curves depicting the inactivation of viruses by biocides.

(A) exponential (ideal first order reaction)

(B) shoulder followed by exponential inactivation
(C) tailing effect

(D) rapid inviral effect



Some animal viruses, e.g., rotaviruses, can withstand many commercially-available
disinfectants, and only a limited number of chemical agents are effective against human
rotaviruses (31, 54). A comprehensive study by Klein and Deforest (29) showed that some
virucides, e.g., chlorine-releasing agents, iodine, and glutaraldehyde, were active against all
types of viruses, whereas other biocidal agents were effective against some but not other
viruses. Klein and Deforest distinguished between lipophilic and hydrophilic germicides, the
former defined as compounds with an affinity for lipid-containing and non-lipid-containing
viruses that react with some lipid compounds. Examples of lipophilic germicides are
isopropanol and QACs, and viruses differ considerably in their sensitivity to them.
Depending on viral size and the absence or presence of lipids, four groups of viruses are
envisaged (29):

— Group A, e.g., herpes simplex, influenza, mumps and vaccinia. These are lipid-
enveloped, and have a high degree of sensitivity to all biocides.

— Group B, e.g., picornaviruses, parvoviruses. These are non-lipid-enveloped, small
viruses that are resistant to lipophilic germicides.

— Group C, e.g., adenoviruses, reoviruses. These are larger, non-lipid-enveloped
viruses that are more resistant to biocides than Group A viruses.

— Unclassified, e.g., hepatitis A and B and hepatitis non A-non B.

The QACs are active against viruses in Groups A and C, but not Group B viruses. As
pointed out earlier, glutaraldehyde is virucidal but this effect depends markedly on the type
of virus; Groups A and C viruses being inactivated by a concentration of 0.02%-0.04%, but
Group B viruses requiring a concentration of 1%-2%. Ethanol (70% v/v) is considered to be
a powerful virucide against all viruses (29), although it is claimed elsewhere that only lipid-
containing viruses are suspectable (19).

Like other retroviruses, human immunodeficiency virus (HIV) is enveloped and is readily
destroyed by disinfectants such as hypochlorites, glutaraldehyde, formaldehyde, and
alcohols (45). Hepatitis B virus (HBV) is more resistant to disinfectants, although less so
than originally thought.

There is stil, however, a comparative dearth of information about the mechanisms
involved in the inactivation of viruses. Thurman and Gerba (57) consider that diffusion
across the virus capsid to reach a target site (e.g., hypochlorites and viral RNA) is an
important aspect of disinfection. Interaction with capsid protein is of potential significance,
although consequent reduction in activity of a highly reactive virucide is then a possibility.

Effects of Physical Agents

Many types of viruses are susceptible to comparatively low moist heat temperatures
(55-60°C). Some exceptions exist, however. The Herpetoviridae, herpes simplex virus
(HSV), and cytomegalovirus are thermosensitive, whereas Aujeskys disease virus is more
thermostable than HBV. HBV, a member of Hepadnaviridae, possesses above-average
resistance (45). Viruses are less resistant than spores or D. radiodurans to UV radiation
but often more resistant than non-sporing bacteria. It has been claimed that UV light does



not inactivate HIV (45). Viruses are inactivated, however, by ionizing radiation.
Reasons for the comparative sensitivities and resistances are largely unknown.

Resistance of Prions

Prions are responsible for spongiform encephalopathies which make the brain become
spongy (27, 40). The encephalopathies have a long incubation period of several years, are
characterized by pre-senile dementia and degeneration of the nervous system, and are
always fatal. Examples are bovine spongiform encephalitis (BSE) in sheep and kwu
(associated with cannibalism), and Creutzfeldt-Jakob disease (CJD) in humans.

The CJD agent is highly resistant to many chemical and physical agents. These include
boiling, UV and ionizing radiations, ethylene oxide, alcohols, detergents, QACs, phenolics,
iodine, formaldehyde (3.7% w/w), and -propiolactone. Glutaraldehyde (5%) produces only
partial inactivation, and the most effective chemical agent is 1N sodium hydroxide for 1 hour
at room temperature (15 min is considered to produce partial inactivation). Autoclaving for 1
hour at 132°C is deemed to be fully effective, whereas 121°C or 132°C for 15 to 30 min is
only partially effective (7, 8, 12).

Little is known about the mechanism of inactivation of prions or of the reasons why they
should present such extreme resistance to chemical and physical agents.

Conclusions

This paper has discussed briefly the responses of microorganisms to several chemicals
and physical inactivation processes. Wherever possible, reasons have been put forward to
account for above-average resistance to a particular process, but it is clear that in many
cases little is known about the basic mechanisms involved.
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Sterilization of Medical Products

N.V. Ramkova

All-Union Scientific Research Institute for Preventive Toxicology and Disinfection, Ministry of Health,
US.S.R.

The success of surgical interventions, and even medical mass manipulations such as
injections, inoculations, and blood tests, are in large part dependent on aseptic conditions, a
key feature of which includes device sterilization. Nonsterility of the instruments, equipment,
and materials is often the cause of hospital infections. Thus, sterilization becomes an
important link in the prevention of hospital infections.

To solve practical problems associated with the sterilization of medical instruments and
equipment, specific terminology, methodology, and organizational structures have been
developed. As a result, a clear-cut concept of medical product sterilization has emerged,
including determination of the types of items to be sterilized; standardization of major
concepts in the field; treatment stages: disinfection, presterilization cleansing, sterilization;
methodology and assessment of methods used to implement these stages of treatment;
determination of conditions under which different stages can be successfully applied for
specific groups of medical products; and concrete ways of implementing sterilization
schemes dependent upon the method selected.

Sterilization should be applied to all medical products which come in contact with the
wound surface, blood, injected preparations, as well as products which come in contact
with the mucous membrane and can injure it. The treatment of medical products should
involve the following stages:

— Disinfection, which should be implemented after the instruments have been used in
festering wound operations; for administering live vaccines; and operational
manipulations involving patients with an infection or undiagnosed hepatitis or patients
who are pathogen or HBS-antibody carriers, or members of the hepatitis or AIDS risk
group.

— Presterilization cleansing.

— Sterilization.

Thus, items to be sterilized should be subjected to at least two stages of treatment—
presterilization cleansing and sterilization, and if disinfection is prescribed, three stages.

Taking into account the role of disinfection in the above-described approach to the
treatment of medical products, it seems reasonable to discuss some issues concerning this
stage.

It is important to standardize the concepts of disinfection and sterilization. To avoid
erroneous assessment of applicability of particular methods and means for specific
processes, and to effect estimation of the scheme efficiency, these concepts should be
given.a.clear-cut_definition and scientific. description,.as it is in the CNEA Standard 3188-81
“Medical applications products. Methods, means and schemes of sterilization and



disinfection. Terms and definitions” and in the state standard, developed on its basis 25375-
82 (CNEA Standard 3188-81) “Methods, means and schemes of sterilization and
disinfection of medical applications products. Terms and definitions”. According to these
standards, the term disinfection is defined as the killing of pathogenic microbes present on
medical products, while sterilization is defined as the process of killing any types of
microbes at any development stages, present on or in medical products.

It should be noted that there is no sterilization which would be specific for the prevention
of purulent-septic infections or parenterally-conveyed hepatitis or AIDS. However, in the
case of infectious diseases whose spreading factor may be the medical product,
sterilization is the last barrier which protects patients from the development of hospital
infections.

The development of conditions under which medical products are to be sterilized includes
the following scientific approaches:

— Search for novel methods as well as for improvements in existing methods of
disinfection, presterilization cleansing, and sterilization of medical products;

— Study of capabilities and conditions for disinfection, presterilization cleansing, and
sterilization of specific product groups or single items.

It is very important to define the methodological aspects involved in the development of
conditions under which medical products must be disinfected and sterilized. In our opinion,
the above-mentioned studies should be conducted with an artificial seeding, using pure test
cultures which have a reference resistance to a particular disinfectant or sterilizing agent.
For disinfection, these include representatives of different microorganisms (nonspore
forming and sporeforming bacteria, fungi, viruses); for sterilization, these are represented
by microbial spores. The test cultures should be applied to test objects (materials and
products) whose physical and chemical properties enable the most objective assessment of
the effectiveness of a particular sterilizing agent. In selecting the seeding rate for test
objects, one should take into account the actual seeding rates of particular items or groups
of same objects resulting from the production and application conditions.

To ensure that assessments of the methods, means, and schemes for disinfection,
presterilization cleansing, and sterilization of medical products made by specialists from
different countries are comparable, the unification of estimation methods is desirable. This
should improve the information analysis and encourage an exchange of the means and
equipment for the implementation of the above processes. Such efforts have been
undertaken by the specialists of a number of CNEA member-states.

Methodological Approaches to Disinfection, Presterilization Cleansing, and
Sterilization

In compliance with the adopted methodological approaches, validated recommendations
for disinfection, presterilization cleansing, and sterilization of medical products have been
developed and implemented in the U.S.S.R.

Disinfectionvand »sterilization rare<~comprehensive’ sciences. Scientific developments in



these areas are based on microbiological and epidemiological research results, and
achievements in chemistry, physics, and technology. This provides a basis for the choice of
disinfection/sterilization methods and agents for use in the U.S.S.R. as well as in the rest of
the world.

Disinfection

Different methods may be recommended for disinfection of medical products, including
physical (boiling, steam, hot air) as well as chemical means. The latter involves flushing and
cleaning the products with disinfectant solutions belonging to different groups of chemical
compounds. Available disinfecting compounds include those shown in Table |. The
concentration and disinfection exposure times depend upon the germ species.

Table I. Disinfecting Solutions for Medical Products

Chlorine-Based Compounds

Chloramine

Dichlorine-1

Sulfochlorantine

Chlorcin

Neutral Calcium Hypochloride

o

(I S

Peroxide Compounds

¢ Hydrogen Peroxide
o Hydrogen Peroxide with Synthetic Detergents
¢ Desoxon-1

Aldehydes

o Formalin
o Glutaraldehyde

Guanidine Derivative
o Chlorhexidine Bigluconate (gibitan)

Presterilization Cleansing

Presterilization cleansing is an indispensable stage in the treatment of products to be
sterilized. It must result in the elimination of protein, fat and mechanical impurities, the
elimination of residual quantities of medications, and a reduction in the original seeding rate.
Presterilization largely determines the effectiveness of sterilization by decreasing microbe
resistance and decreasing the risk of pyrogenic reactions.

However, we found that at low levels of the initial microbe seeding rate, the conventional
scheme of presterilization cleansing may result in an increased number of microbe seeds
due to the availability of tolerated bacteria in the water. Detergents should be used for any
type of cleansing of medical products, both manual and mechanized. Detergents should
meet the following requirements:

— .adequate cleaning, effects_ at low foam;
— non-pyrogenic and non-toxic;



— adequate flushing from the products; and
— non-corroding.

Taking into account the above requirements, synthetic detergents which do not include a
proteolytic enzyme in complex with hydrogen peroxide, may be used both with an admixture
of the corrosion inhibitor (sodium oleate) and without it. “Biolot”, a preparation developed
specifically for the above purpose, contains the enzyme and does not require that hydrogen
peroxide be used in complex with it. This results in no corrosion effects for the products
made of corrosion-vulnerable materials (metals), in a longer life-time, and a substantial
economic gain.

The process of presterilization cleansing includes a number of operations, such as the
ones that enable a mechanical elimination of grime by different ways: brushing, spurting
with a detergent solution, ultrasonic impact, rotation effects; as well as preparatory and
consequent stages. We found that it is necessary, at preparatory stages, to provide a
corrosion-protective treatment, to counteract the effects of blood on metal devices which
cannot be flushed with water immediately after they have been used. Toward this end, the
devices should be put into the corrosion inhibitor solution, (1% solution of sodium benzoate).

Disinfection and presterilization cleansing can be combined in a single process. To this
end, disinfectant-detergents must be designed, and special-purpose machines be used. In
addition, the disinfection scheme should result in killing the viruses of hepatitis and human
immunodeficiency. It must be run as a centralized process, ensuring epidemiological safety
of the collection and transportation of used items to the treatment site.

Sterilization

The final stage of treatment of medical products is sterilization. Sterilization should result
in the elimination of all microbes that are present on or in the products, both pathogens and
non-pathogens—saprophytes, including the ones which are highly resistant to most of
sterilization means. Since, with the exception of ionizing radiation, most means of
sterilization are not effective against microbe spores, sterilization may be ensured only by
this means.

For sterilization, different methods may be recommended: physical, including thermal
(steam, hot air) and radiation, and chemical, including gas and/or the use of chemical
solutions. The choice of the sterilization method for a specific product depends on the char
acteristics of the item to be sterilized and on the sterilization method itself—its benefits and
limitations. Particular aspects of each method also delineate the limits of its applicability.
Those methods which can be used for the packed items may also be used for the
decentralized sterilization in hospitals and clinics, and in industrial enterprises where sterile
single-use products are manufactured. Those methods which are applicable to the
unpacked items may be used only for the decentralized sterilization in hospitals and clinics.

Heat-Based Sterilization

Steam and hot air methods are the most widely used methods in hospitals and clinics.



The extensive use of steam is accounted for by a number of useful features which make
this conventional method still widely applicable even today. The efficiency of steam
sterilization is high; it is reliable and ensures sterility of not only the item surface but its
inside as well. Furthermore, the comparatively low temperatures involved in steam
sterilization spares the materials to be treated. Packed items may be sterilized using
steam, which prevents a secondary seeding by microbes after sterilization.

For saturated steam sterilization to be effective at excessive pressure, the most
important condition is the evacuation of the sterilization chamber and the items to be
sterilized. To select the most adequate methods of air evacuation, a comprehensive
(physical, microbiological) assessment of evacuation methods was made. Of the methods
tested, (gravitational, continuous evacuation, and pulsating methods), the most promising
was the pulsating method. It is this method which should be used in the design of steam
sterilizers with vacuum pumps. For steam sterilizers, in which air is evacuated gravitationally
and continuously, the following schemes are recommended: at the steam pressure of 0.05 +
0.02 MPa, (which corresponds to the temperature inside the sterilization chamber of 110 +
2°C), the sterilization exposure time is 45 min. At a steam pressure of 0.20 + 0.02 MPa
(temperature of 132 £ 2°C), the sterilization exposure time is 20 min. When sterilization is
made in the pulsating evacuation mode, the sterilization exposure time is essentially
reduced.

Although steam is an agent which penetrates into different points of the sterilization
chamber as well as between and inside the items, to assure adequate sterilization, it is
necessary to regulate the density of loading boxes with surgical clothes and dressings,
rubber items, and metal instruments.

Despite all the above-mentioned benefits of steam sterilization, it has certain limitations.
It results in corrosion of the metal appliances made from vulnerable metals; steam moistens
the sterilized items and thus results in a deterioration of storage conditions, with a greater
risk of secondary seeding of sterilized items by microbes. Furthermore, this method is not
suitable for heat-vulnerable materials, including most polymers.

Sterilization by air uses hot dry air as the sterilization agent. However, when it naturally
circulates in sterilizers, the items are heated slowly and to different temperatures at
different points of the sterilization chamber. This results in a lower sterilization quality. For
this reason, the air methods are not as widely used in the world as steam methods.
Nevertheless, this limitation is not as severe since sterilizers have been designed with a
forced air circulation at a speed of = 1 m/sec; the extreme variations of sterilization
temperature inside the loaded chamber from the set one are not greater than + 4°C.

The impact of hot dry air on a microbe cell is not as effective as that of saturated steam.
This accounts for a higher sterilization temperature required. Currently the following
sterilization schemes have been officially recommended: temperature—160°C, sterilization
exposure time—150 min; temperature—180°C, time—60 min. At the higher treatment
temperatures used, a smaller number of different items can be sterilized: for example, no
textile, rubber or polymer items may be sterilized. However, metal, glass, and silicon latex
may be sterilized using the hot air method. The spectrum of materials used for packaging
purposes is” ‘also narrower ‘given the higher temperatures associated with the hot air



method. Sterilized items cannot be packed in fabrics or parchment; at a temperature above
170°C they are charred.

Nevertheless, in our opinion, the hot air method should be developed and used, since it
lacks a number of limitations inherent in the steam method. When sterilization is effected by
hot dry air, no moistening and metal corrosion occur. Thus, a wider spectrum of instruments
can be sterilized with hot air. If all the metal instruments made in the U.S.S.R. are grouped
into five categories on the basis of the materials they are manufactured from, then only
three categories may be sterilized with steam, whereas four can be sterilized with hot air.

Compared with the steam method, it is even more important to observe the loading rules
with respect to density and manner for most types of air sterilizers in current usage.
However, a design approach has been found that eliminates this reservation. This approach
enables an automatically controlled process with a time shift of the initiation of sterilization in
relation to the quantity of items loaded, the item homogeneity, and the item spacing (11). In
addition to the above-listed merits of the heat-based methods of sterilization, it's ecological
purity should be emphasized.

Pathways to optimize thermal sterilization methods include computerization which must
enable a free choice of the sterilization scheme parameters depending on the type of tems
to be sterilized and their positioning in the sterilization chamber.

“Cold” Sterilization

The growing range of medical products made of heat-vulnerable materials resulted in the
development and implementation of “cold” sterilization methods—radiation and chemical
(gaseous and solution sterilization)—which are effective at temperatures lower than 100°C.

Radiation is the leading industrial sterilization method. A scientific basis has been
developed for determining the radiation sterilizing dose in relation to the initial contamination
level, the types of items manufactured, the contaminant radioresistance and a safety factor.
The sterilizing dose may be calculated mathematically by formulas (2) which take into
account all of the above-listed considerations as well as using a bacteriological approach
based on the use of test cultures (see Equations 1 and 2).

Equation 1. Determination of the Level of Radiation Sterilization Dose (2)
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where: D = radiation sterilizing dose
K = safety factor
N = initial contamination

O, is the fraction of microbes in the microflora for which
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Equation 2. Determination of the Level of Radiation Sterilizing Dose
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By such methods, the sterilizing dose of radiation has been determined (gamma
radiation, accelerated electrons) for a wide spectrum of products based on polymers and
other materials including paper. In practically all cases the sterilizing dose does not exceed
25 kGy.

Pathways to reduce the sterilizing dose have been sought. It has been suggested that a
combination of ionizing radiation and other physical and chemical agents may be used, such
as a heat-and-radiation method (used for industrial sterilization of catgut) (7); magnetic-and-
radiation method based on alternating magnetic field (9); and a chemical-and-radiation
method using different antimicrobial agents (8, 10). The resultant synergic action of biocidal
effects enables a reduction in the radiation sterilizing dose by 25%-40%.

In the case of the chemical-and-radiation method, the most technologically sound
approach is the radiation sterilization of the products which contain an antimicrobial agent.
In such a case, the effect is evident at a limited initial seeding rate; for example,
cetylpyridine chloride (0.01%) present in eye medication films make it possible to reduce
the gamma radiation sterilizing dose to 15 kGy at an initial contamination equal to or less
than 102 microbe cells per unit (4).

With respect to gas sterilization, in addition to conventionally used ethylene oxide, a
mixture of ethylene oxide with methyl bromide, (OB mixture with the weight ratio of 1:2.5,
respectively) is used. In the OB mixture, methyl bromide is both a phlegmatizer and an
antimicrobe agent. Thus, the total amount of the OB mixture administered into the chamber
is less than that of the mixtures using other phlegmatizers (e.g., CFC, CO,). As a result,

when the sterilizing dose of OB has been administered (at a preliminary vacuum of 0.09
MPa), an excessive pressure is created, up to 9.08 MPa, which is important for the
prevention of damage to air-tight products.

Relationships between the sterilization efficiency by the above gases, and the
tempeérature” and humidity ‘conditions, “level of ‘the"dose, and types of products have been



reaffirmed. Sterilization is achieved by ethylene oxide at a temperature of not less than
18°C at a dose of 1000 mg/L during 16 hrs, or by the OB mixture— at a dose of 2000 mg/L
during 16 hrs. At a temperature of 35-55°C, the sterilizing dose of the OB mixture is 2000
mg/L and the sterilization exposure time is 4-6 hrs depending on the product type. The
relative humidity level inside the chamber must be at least 80%. As soon as the sterilization
process is over, the gas is removed from the chamber.

To ensure that the application of the items sterilized with OB and ethylene oxide is safe,
in-depth physico-chemical and toxicological studies have been made, enabling the
determination of kinetics of diffusion-absorption processes of ethylene oxide and methyl
bromide in different polymer materials. Biological effects of these substances were
identified under conditions of parenteral administration, providing a basis for the
determination of residual quantities of these gases in a number of products and materials
used to manufacture medical items undergoing sterilization. Maximum permissible amounts
of the sterilizing agents were suggested for parenteral administration. On the basis of the
data obtained, conditions have been specified for degassing (ventilation) the products with
an account for the frequency and duration of contacts with the internal media of human
organism.

Regulations for the degassing time are:

— for products made of glass and metal, the exposure time in the ventilated premises
(at an air speed of 20 cm/s) is one day, after which the items sterilized may be used;

— 5 to 13 days for the items made of polymer materials (rubber, plastics) intended for
a short-time contact (up to 30 min);

— 14 days for any products intended for a prolonged contact (longer than 30 min) with
mucous membranes, tissues, and blood;

— 21 days for polymer items intended for a prolonged contact (longer than 30 min) for
child use.

Formaldehyde should be thoroughly discussed in the context of its application for
gaseous sterilization. Microbiological and physico-chemical research showed that gaseous
formaldehyde can be useful as a sterilizing agent, and in certain respects even better than
ethylene oxide. It is more effective in mixture with water vapor, achieving sterilization at a
dose 100 times smaller. At above 60°C, formaldehyde has a better penetration capacity,
coming through packaging (paper, polyethylene film) to the products sterilized. To sterilize
by formaldehyde vapors, it seems reasonable to use a solution in ethyl alcohol, since in this
form formaldehyde does not polymerize at a temperature lower than 80°C, as is the case
when an aqueous solution is used. Besides, no corrosion occurs of parts or products made
of metals (5). A 40% solution of formaldehyde in ethyl alcohol is used, at a dose of 150
mg/dm?3 of the sterilization chamber, the required quantity of formaldehyde solution is 375
mg/dm3, the time of sterilization exposure is 2-3 hrs depending on the type of product
sterilized.

Upon sterilization, formaldehyde vapors should be evacuated from the chamber. After
the products made of glass, metals, and polymer materials (rubber, plastics) have been
sterilized with the vapors of ethyl alcohol solution of formaldehyde, no additional degassing



is required. The rubber and plastic items contacting with blood should be degassed for two
days under ambient conditions.

In principle, such a modification of the gaseous sterilization method appears to be
possible, which uses as a sterilizing agent formaldehyde evaporating spontaneously from
paraform or formalin. Sterilization, by paraform-emitted vapors of formaldehyde, of medical
metal instruments with no packaging may be achieved under the following conditions: a 1
cm thick layer of paraform covers the sterilization chamber floor, with a chamber floor to
volume ratio of 1:2. To obtain the relative humidity level of 95%-98%, a can with water is
put into the chamber. Under these conditions and at a temperature of not lower than 20°C,
it takes 5 hrs to sterilize the simplest instruments (lancets, resection knives, forceps) made
of metal (1). When there was no additional moistening, no reliable sterilization effect was
found for test metal products after as long as 20 hrs of treatment.

Sterilization by solutions is an auxiliary method, to be used under conditions when neither
of the above-described methods is applicable. It has a number of limitations: unpacked
items are sterilized, post-sterilization flushing is required, which may result in the secondary
seeding with microbes. Due to these limitations, some authors think (e.g., 3), that the use of
sterilizing agent solutions should be regarded as a method of aseptic preparation rather
than sterilization. However, this method also has some merits: general availability,
straightforwardness of implementation, etc. Thus investigations aimed at finding and
studying sterilizing agent solutions should be encouraged.

Studies were conducted of the characteristics of sterilization obtained by solutions of
hydrogen peroxide, desoxon-1 (acetic acid-based preparation), and glutaraldehyde.
Relationships were found between the efficiency of these agents and temperature and pH
of the solution, which resulted in deriving practical recommendations for the use. For the
polymer products (rubber, plastics) as well as glass and corrosion-resistant metals, a 6%
solution of hydrogen peroxide may be recommended at a temperature of not lower than
18°C and the sterilization exposure time of 6 hrs; at a temperature of 50°C the exposure
time is 3 hrs. For desoxon-1 (1.0% for acetic acid) at a temperature of not lower than
18°C, the exposure time is 45 min.

For the items manufactured from the above materials and corrosion-vulnerable metals, a
glutaraldehyde solution may be used (2.5% a.i.) with pH of 7.0-8.5, and an exposure time
of 6 hrs at a temperature of not lower than 20°C. The working solution concentration of
glutaraldehyde may be substantially reduced if the exposure time is much longer. For
example, sterility is achieved if xenobioprostheses of cardiac valves and arteries are put
into a 0.5% solution of glutaraldehyde for as long as 10 days, with the use of phosphate
solution as a buffer, at a temperature of 22-25°C (6). Since sterilization is achieved if the
items are unpacked, this method can be used on a decentralized basis only.

Conclusion

Sterilization is an unavoidable stage in manufacturing single-use products and with
repeat use products. Thus designers and producers must provide for the possibility of
sterilizationfor“every' particularproduct’“Wher"new products are designed, a parallel



process must be the development and investigation of sterilization conditions. If one is not
able to develop up-to-date, technologically efficient, and sparing sterilization conditions for a
product being designed, it cannot exist.

According to the application of medical products, the sterilization reliability coefficient is
differentiated. 1t may be 103 for midwife kits, 10® for syringes, 108 for blood transfusion
systems, etc. This means that one non-sterile item is permissible in the entire population of
products quantified by the coefficient. However, each single item out of this population
should be sterile, as determined by modern, sensitive enough methods of microbiology. The
sterilization reliability coefficient is used in mathematical modelling of sterilization conditions.

Practical methods are available for the sterilization of a large variety of medical products
used in hospitals and clinics (repeat products) and at industrial enterprises (single-use
products). Such products include whole groups, such as medical metal instruments, rubber
(on the basis of natural, silicon and fluorine rubber and latex) items and components of
medical products; polymer products—probes, catheters, tubes, and blood transfusion
systems; absorbent cotton; different dressings, both conventional cotton and viscous
mixtures, and novel materials with additional properties, such as pain-killing, non-traumatic,
antimicrobe, etc.; catgut; particular objects which are sometimes difficult for sterilization,
such as plastic magazines loaded with metal clamps for surgical sewing machines made of
hard polystyrene and polycarbonate, electronic cardiac stimulators and electrode cables for
them, hemosorbents of different types, midwife kits, polymer containers for storing liquid
and dry blood substitutes, stomatological instruments, endoprosthesis parts, heart-lung
machines, rotors for the flood fractioning machines, artificial crystalline lenses, endoscopes,
medical kits for flexible endoscopes, xenobioprostheses of cardiac valves and arteries.

Thus, a scientific foundation is currently available for different aspects of medical product
sterilization. When medical products are sterilized in a proper way, there is no risk of the
use of non-sterile products, which is an important condition for the prevention of hospital
infections. To enable further improvement, continuous development efforts and
improvements in existing methods should be encouraged in the field of sterilization and
presterilization cleansing.
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Biological Indicators for Hospital and Industrial Sterilization

Gary S. Graham, Ph.D.

American Sterilizer Company, U.S.A.

The achievement of sterility and validation of sterilization processes are based upon
statistical probability. For known sterilization processes, it has been determined that the
death of microorganisms is usually a logarithmic progression. This type of progression
means that the same percentage of microorganisms die every minute during sterilant
exposure. In theory then, it is only with an infinite exposure time that one can be absolutely
sure that all microorganisms have been killed and, therefore, all units are sterile.
Theoretically, no matter how long the sterilization cycle, some fraction of the original
microbial population remains viable.

As seen in Table |, if a bacterial load (bioburden) of 10% (1,000,000) was exposed for
eight minutes at the specified conditions, the microbial population would be reduced to a
level of approximately 1072 or 0.01 survivors per unit. This means that after an eight-minute
exposure, one viable organism would be expected for every 100 units. With this
understanding of the “probability of survival concept” it is easy to rationalize that not all
organisms will be killed at the identical exposure time. If a sterilization process is marginal,
it would be possible to have one unit of product with viable organisms and an adjacent unit
in the same sterilizer with no viable organisms.

Table 1. Example of the Inactivation of a Bacterial Population
Ni Bacteria Living at Beginning of Bacteria Killed in One Bacteria Surviving at End of Logarithm of
inutes . . , .
Minutes Minute Minute Survivors
1 1,000,000 900,000 100,000 5
2 100,000 90,000 10,000 4
3 10,000 9,000 1,000 3
4 1,000 900 100 2
5 100 a0 10 1
6 10 9 1.0 0
7 1.0 0.9 0.1 -1
8 0.1 0.09 0.01 -2
9 0.01 0.009 0.001 -3
10 0.001 0.0009 0.0001 -4

The concept of sterility assurance levels (SALs) or probabilities of a survivor per item
(PSI) allows different values to be required for a device based on the hazard posed by its
use. This concept is relatively new to the medical product industry and is generally unheard
of among hospital sterilization personnel. In the medical products industry, it is generally
accepted that the sterilization process for parenteral solutions and devices provide a SAL of
1028 or less (fewer than one. non-sterile unit per one million units processed). The validation
of an industrial sterilization process assures that the specified sterilization cycle can



reproducibly yield a safe product whose quality and efficacy can be evaluated against
established specifications. Ultimately, validation means that this process can become the
basis for routine production with assurance that the product bioburden is killed to the extent
specified in the manufacturer’s design protocol. This approach allows industry to use
technically equivalent methods for achieving the same end result (stated as PSI or SAL). A
key ingredient to this approach for validation and routine monitoring of industrial sterilization
cycles is the biological indicator (Bl).

In the Central Sterile Supply Department (CSSD) of a hospital, validation of a sterilizing
process is not an established practice. Cycle times for process loads are usually obtained
from the sterilizer manufacturer who does not have full access to the type of product to be
sterilized in each and every run nor the anticipated degree of loading of a particular hospital
sterilizer. Most hospitals rely on an overkill approach to establish sterilization cycles. For
this method, the hospital uses doses or periods of exposure far in excess of those required
to kill the normally expected bioburden on a product. Even though the hospital’'s approach to
sterilization quality assurance may differ significantly from that used by manufacturers,
hospitals still rely significantly on the use of Bls.

A Bl can be defined as a unit containing microorganisms of known concentration and
resistance to a given sterilizing agent which can be expected to follow a predictable death
rate when exposed to certain physical or chemical parameters. The key functional phrases
in this definition are “known concentration and resistance”, and “predictable death rate”. Bls
are critical for both hospital and industrial sterilization and as such it is imperative that they
perform both predictably and reproducibly. It is essential that the same sterilization cycle is
monitored by the same relative biological challenge day after day, month after month, and
year after year. If Bls do not provide predictability and reproducibility, they are of little value
in sterilization quality control.

Biological monitors document the efficacy of sterilization cycles to destroy living
microorganisms under actual sterilization conditions. Their primary advantage is that they
have the capability to integrate all parameters that affect biological efficacy. For steam
sterilization they have the capability of integrating the lethal effects of exposure time,
temperature, and moisture content. In ethylene oxide sterilization they integrate the lethality
of exposure time, temperature, humidity, and gas concentration. In addition, factors such as
packaging, loading patterns, and changes in product configuration or materials may affect
the delivered lethality, and thus, affect the results of the BI.

When Bls containing sterilant-resistant microorganisms are placed in the most difficult-
to-sterilize portions of the load, the user can be assured that sterilization conditions were
sufficient in that run to achieve destruction of indicator organisms with a count and
resistance generally much higher than the device/package presterilization bioburden. The
unit serves only to demonstrate that the conditions necessary for sterilization were
achieved; it cannot validate that product sterility has been obtained. This can only be
determined by a proper validation program. The Bl will not compensate for incompetent
personnel, lack of knowledge, improper procedures or inadequate cleaning techniques.

Types of Biological Indicators



Commercial Bls that can monitor all conventional steam and ethylene oxide sterilization
processes are now available. They are marketed in various package forms that maintain
the integrity of the inoculated carrier and are convenient to the user. Bls of known
population and resistance, in combination with good cycle development programs,
validation, and good manufacturing practices, can provide sterility assurance to any
predetermined probability. Manipulation of the spore concentration and resistance allows
the effective monitoring of a wide range of cycles.

There are three primary types of biological monitors available for steam and ethylene
oxide sterilization and each is discussed below.

Inoculated Paper Strip

This type of Bl consists of spores of the desired strain inoculated onto a paper carrier.
The inoculated carrier is then placed into a suitable container, usually a paper envelope,
which is readily penetrable by either steam or ethylene oxide. After use in the sterilization
cycle, the inoculated carrier is aseptically removed from the paper envelope and transferred
to a suitable microbiological culture medium. The culture medium usually recommended for
recovery of Bacillus stearothermophilus (steam sterilization) and B. subfilis sub species
niger (ethylene oxide sterilization) is Soybean Casein Medium (60).

The primary advantage of the inoculated strip biological monitor is its relatively small size
which permits the unit to be placed in small locations of devices and packages to be
sterilized.

The primary disadvantage of the paper strip Bl is that it must be removed from its
primary package and aseptically transferred into culture medium. No matter how skilled the
microbiologist or how good the aseptic technique, there is always the possibility of
inadvertent contamination during transfer. This contamination may invalidate the Bl test
results and may take considerable time and money to prove that the bacteriological growth
is not the indicator organism. In addition, a second problem associated with Bl paper strips
is that the culture medium may significantly affect the results obtained.

There have been several reports published recently documenting the effect of recovery
medium upon Bl performance (24, 21, 13). Data demonstrating the effect of recovery
medium upon the performance of B. stearothermophilus paper strip indicators is shown in
Table Il. The data indicate that D-values obtained from the same lot of Bl strips can differ
as much as two-fold depending upon the type of Soybean Casein Digest Broth (SCDB)
used.

Table Il Comparison of D-values (in minutes) at 121°C For B. Stearothermophilus Utilizing Soybean Casein
Digest Broth from Different Manufacturers

D-VALUE
MANUFACTURER
AVERAGE RANGE
A 1.0 0.8-13
B 1.2 1.1-13
C 1.4 1.3-15



D 1.9 1.6-22

Two D-Value determinations performed on each of two lots from each manufacturer.

It is important to note that the SCDBs represented in Table |l were identical as to their
stated ingredients, directions for preparation, and final pH. Thus, if the user of biological
monitors is to obtain accurate and consistent results, both the type and manufacturer of the
recovery medium should be known and controlled.

Self-Contained Biological Monitor

The primary difference between this type of monitor and the BI paper strip is that with
the self-contained monitor, the recovery culture medium is an integral part of the unit. There
are two primary types of self-contained monitors.

The first type of self-contained Bl consists of spores of B. stearothermophilus
suspended in a culture medium which is sealed in a glass ampule. This type of monitor is
only used for steam sterilization and is usually used to evaluate the sterilization of liquids by
suspending the BI in the solution container. This monitor may also be used to evaluate
washer-sterilizer cycles and flash (three minutes, 134°C, gravity displacement) cycles in the
hospital.

After the sterilization cycle, the Bl is placed directly into the incubator (55-60°C) and
observed periodically for growth. There are several manufacturers of this type of Bl and
nearly all of them include a pH indicator so that bacteriological growth will be more readily
visible. The pH indicator has different colors at a neutral or slightly basic pH and an acidic
pH. Most pH indicators change from red, blue, purple or green under neutral pH conditions
to yellow under acidic conditions. The normal pH of bacteriological culture media is neutral
or slightly basic. When the spores of B. stearothermophilus germinate and begin to grow
as vegetative organisms they produce acid which, in turn, lowers the pH of the culture
medium and thus, changes the color of the pH indicator.

The second and most frequently used type of self-contained Bl does not put the spores
in direct contact with culture medium until the sterilization cycle is complete. This type of
self-contained monitor can be used for both steam and ethylene oxide sterilization cycles.

At the present time there are at least three different manufacturers of this type of self-
contained Bl. The products from all of these manufacturers are similar in design and consist
of a vial which contains a spore inoculated paper carrier and a sealed ampule of culture
media. The units are designed such that sterilant can penetrate to the inside of the vial and
contact the inoculated carrier. After the sterilization cycle is over, the units are activated
when the media ampule is broken and contents are released to come in contact with the
spore carrier. If viable spores remain on the carrier, growth will occur when incubated at the
appropriate temperature. These types of self-contained monitors also include a pH indicator
to assist in the detection of growth.

The single most important advantage of the self-contained Bl, as compared to the Bl
paper strip, is that aseptic removal of the inoculated carrier from its package and
subsequent transfer to a culture medium is not required. This significantly reduces or



eliminates the potential for inadvertent contamination. In addition, the self-contained monitor
reduces or eliminates the potential for adverse performance due to the quality of the
recovery medium. The manufacturers of self-contained Bls should follow strict quality
assurance practices in order to qualify and validate recovery media. In this manner,
performance claims in terms of resistance and outgrowth will be valid. Some manufacturers
of paper strip Bls have taken steps to avoid the adverse effect of culture medium by
offering highly controlled medium to be used in combination with their particular strips.

The primary disadvantage of the self-contained monitor is that it is much larger than the
paper strip monitor and may not be able to be placed in small locations.

Bl Spore Suspensions

This type of product consists of spores suspended in solution (usually distilled water,
saline, or buffer). The spore suspension is then used to directly inoculate the product to be
sterilized. After the sterilization cycle, the entire product or inoculated portion of the product
is cultured and incubated. An alternative method would be to use a rinsing and filtration
method in order to recover the indicator organisms. The spore suspension for direct product
inoculation is used exclusively for industrial sterilization. It is necessary to insure that the
product onto which the spores are inoculated does not adversely affect the spores in terms
of resistance, stability, or the recoverability of viable organisms. The primary disadvantage
of this type of Bl is that, in some types of products or materials, the direct inoculation with a
spore suspension may cause atypical prolonged survival of spores under normal processing
conditions (29, 57).

Industrial Use of Biological Monitors

Steam Sterilization

Different methods may be applied to sterilization validation and routine monitoring of
solutions and other products such as containers and closures, packaged surgical products
and devices, and various components or commodities. Different sterilization specifications
may be required to moist heat sterilize such varied products. Thus, the type and application
of biological monitors will also vary significantly (11, 43, 46, 52).

Regardless of the type of product to be sterilized, one of two approaches may be used
in the development and use of effective steam sterilization cycles. Both of these
approaches, either the Overkill Method or the Bioburden Method, may be based upon the
use of biological monitors. Generally, the Overkill Method considers the inactivation of 12
logarithms of a microorganism with a Dqy4.c-value of 1.0-1.5 minutes. The microbial

challenge will consist of selected numbers, typically 103 to 108, of moist heat resistant
spores, (usually B. stearothermophilus) without necessarily relating the challenge
population to the pre-sterilization bioburden. This method provides an overkill because the
cycle conditions established to kill the microbial challenge, plus an additional safety factor,
are usually more severe than those required to inactivate the product bioburden. Even



though the Overkill Method is employed, data should be obtained which indicate the typical
bioburden loading associated with the product. These data do not have to be as extensive
nor obtained as frequently as bioburden data associated with cycle development using
bioburden methods.

The combined Biological Indicator/Bioburden Method may utilize several types of moist
heat resistant spores, such as Clostridium sporogenies, B. coagulans, B. subtilis or B.
stearothermophilus, as biological indicator systems.

When using the combined Biological Indicator/Bioburden Method, the microbial
sterilization challenge of the product may include the requirement to inactivate the initial
inoculum concentration to a pre-established logarithmic level. The relative resistance and
population of the initial challenge inoculum of the biological indicator microorganism should
be compared to the mean number and thermal resistance of bioburden generally associated
with the product. The comparison of such data should demonstrate that the inactivation of a
predetermined level of biological indicator microorganisms would ensure a sterility
assurance level of no greater than 107® for bioburden in the process. The calibrated
biological indicator used must ensure that the probability of a bioburden survivor is 107 or
less. This method is considered to be a bioburden based cycle and hence the bioburden
must be enumerated and resistance determined.

Regardless if one is wusing the Overkil Method or the combined Biological
Indicator/Bioburden Method, biological monitors must be employed during cycle
development and validation. Once the manufacturing mode has been attained, routine
monitoring of the sterilization process may or may not be based upon the use of biological
monitors. Where reliable process parameter control can be documented, with correlation to
sterility assurance, release of batches based on delivered process parameters can be
considered for terminally sterilized items. Parametric release of finished products should
only be employed by firms which have a significant level of sterilization and manufacturing
expertise.

If biological monitors are used for routine monitoring and product release, the selection
and use of biological indicators should be consistent with the microbiological testing
previously conducted. The type of Bl, population level and resistance selected to routinely
monitor the process should be the same as, or correlatable to, the microbial challenge used
during product cycle development and validation studies. This will enable correlation of
microbial inactivation between the routine process cycle and the data used to establish and
verify the cycle.

The choice of biological monitors for use in industrial steam sterilization will vary
significantly depending upon the product type and whether the Overkill or Bioburden Method
is employed. If the Overkill approach is utilized, the monitor should have a sufficient
population and D-value to assure total survival following an exposure to an F, of 5 minutes

and total kil to an F, of 15 minutes. If the combined Biological Indicator/Bioburden

approach is employed, the population and resistance of the biological monitor should be
correlated to bioburden data plus an additional safety factor.



Ethylene Oxide Sterilization

Biological validation and monitoring of ethylene oxide sterilization is similar to steam
sterilization in that either an Overkill or Bioburden Method of cycle development/validation
can be utilized. The two sterilization processes differ in that there are significantly more
process variables that can affect the efficacy of ethylene oxide sterilization as compared to
steam sterilization. Due to the significance of variables in ethylene oxide (EO) sterilization,
the industry has developed a more standardized approach for monitoring and validation.
Thus, the potential for these variables resulting in sterilization failure have been minimized
(5, 6, 15, 18).

Traditionally, Overkill Methods have been used to establish EO sterilization cycles. The
microbial challenge normally consists of 10° ethylene oxide-resistant spores, typically B.
subtilis var. niger, without necessarily relating the challenge population to the presterilization
bioburden. This method provides an overkill because the cycle conditions established to Kkill
the microbial challenge, plus an additional safety factor, are more severe than those
required to Kill the presterilization bioburden. Even though the Overkill Method is employed,
data should be obtained which indicate the typical bioburden loading and resistance
associated with the product. These data do not have to be as extensive nor obtained as
frequently as bioburden data associated with cycle development using Bioburden Methods.

Although not commonly used in EO sterilization, the Bioburden Method is an alternative
to the overkill approach. This approach requires significant data relative to the bioburden
load and resistance. Based on bioburden population limits and/or resistance determinations,
sterilization cycle parameters should be selected to achieve destruction of the
presterilization bioburden to a level of 107 or less. This approach should only be employed
by firms which have a significant level of sterilization and manufacturing expertise.

Biological monitors should be employed during cycle development and validation
regardless if one uses the Overkill or the Bioburden Method. In most cases, routine
monitoring and product release are also based upon the use of biological indicators. Where
reliable process parameter control can be documented and correlated to sterility
assurance, release of batches based on delivered process parameters can be considered
for terminally sterilized products. Due to the number of variables involved in EO sterilization,
this is only feasible for advanced state-of-the-art equipment but it is not in general practice.

The types of biological monitors used in EO sterilization in terms of population and
resistance are much more standardized than those in steam sterilization. Typically, the
Overkill approach employs a Bl with 10° spores of B. subtilis var. niger. These spores
typically have a D-value of approximately 3 minutes under exposure conditions of 600 mg
EO/liter, 54°C and 50%-70% relative humidity. The biological monitor should have a
minimum survival time of 15 minutes and a maximum Kill time of 60 minutes under these
same exposure conditions. An example of cycle selection for Overkill Method is the
selection of a cycle that demonstrates a 6 logarithm reduction of the above referenced Bl at
one-half the sterilization cycle EO exposure time. If the combined Biological
Indicator/Bioburden approach is employed, the population of biological monitor is correlated
to the population-and resistance of the’ bioburden plus an additional safety factor.



Bl paper strips, self-contained type monitors, and spore suspension for direct product
inoculation are commonly employed during development and validation of the sterilization
cycle. For the purpose of routine monitoring and product release, paper strips or self-
contained units are commonly used because of their relative ease of use. Regardless, the
Bl type should be consistent with the microbiological testing previously conducted. As for
steam sterilization, the population level and resistance to the sterilization parameters of the
routine monitor selected should be the same as, or correlatable to, the microbial challenge
used during product cycle development and validation studies for EO sterilization.

Hospital Use of Biological Monitors

The manner in which hospital sterilizer cycles are validated and routinely monitored
differs significantly from the methodologies employed by industry. In hospital CSSDs,
validation of a sterilization process for a particular product is not an established practice. In
addition, the hospital CSSD has little or no data relative to the bioburden associated with
the product to be sterilized. There is also little information regarding the influence that mixed
product loads have on the sterility assurance level obtained. Thus, most hospitals rely on
the sterilizer manufacturer to establish sterilization cycles using an extreme overkill
approach.

In order to improve and standardize hospital sterilization quality assurance, several
organizations have published standards and guidelines (1, 4, 9, 10, 33). These guidelines
are all very similar with respect to the recommended frequency and type of monitoring
which should be employed. Due to the fact that the recommended monitoring frequency is
significantly lower in the hospital, as well as the fact that hospitals do not effectively monitor
bioburden levels or control sterilizer loading, there is greater assurance that a particular
sterility assurance level will be achieved in an industrial setting. Thus, it becomes even more
critical in the hospital setting that recommended practices are followed. Simply stated, the
fewer the control points in a sterilization process, the more critical each one of these points
becomes.

Biological Indicator Performance Standards

Suggested performance characteristics for steam and EO Bls, as listed in the United
States Pharmacopeia (61), are shown in Table Ill. The recommended limits provide a wide
range of resistance parameters that can be used for determining the suitability of a
particular monitor. In addition to suggested performance characteristics for a suitable BI,
the individual monographs for steam and ethylene oxide sterilization paper strip biological
monitors give more specific performance characteristics.

Table Il USP XXI Suggested Performance Characteristics of Biological Indicators
EO 600 mg/L 54°C 60% RH STEAM 121°C
Typical D-Value 3.0 1.9

D-Value Range 26-58 1.5-3.0



Survival Time (Labeled D-Value) x (Logqg Labeled Spore Count per Carrier —2)
Kill Time (Labeled D-Value) x (Logqg Labeled Spore Count per Carrier +4)

In these monographs it specifies that the resistance of Bls shall be defined in terms of
both D-value and survival/kill times. The D-value can be defined as the time required at a
specific set of conditions to reduce the microbial population by 90% or one logarithm
(Figure 1). The D-value determination described in the U.S. Pharmacopeia is the
Spearman-Karber methodology (48).

Based upon the population and D-value, survival and Kkill times are described for the
paper strip Bl. The survival time is determined when 100% of the Bl samples demonstrate
growth when exposed to the same test conditions that were used to determine the D-value.
The Kill time should result in none of the samples demonstrating growth. The survival time
and Kill time for both steam and EO Bls are determined by the formulas listed in Table III.

Using these formulas, the survival time would result in approximately 1.0 x organisms
surviving per Bl exposed. The kill time would result in approximately 1.0 x 10™* organisms
surviving per Bl, or stated differently, approximately one Bl demonstrating growth for each
10,000 units exposed.

The labeled survival and kill times are of particular value since most Bls for routine
monitoring are used and examined for a growth/no-growth response. The test for survival
and Kkill times provides some assurance for the consistent performance of an individual
production lot of monitors. If the monitors were not sterilized in a log-linear fashion as
anticipated, they would not be expected to pass this test.
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Figure 1.  Determination of D-Value using the Spearman-Karber Methodology

As stated previously, in order for the Bl to provide its maximum value, it must perform
reproducibly under a given set of conditions and as such, the production and quality control
of the biological monitor must be closely controlled. Listed in Table IV are factors that may
affect the standardization of a Bl and selected references that relate to those factors.

In order to accurately and precisely monitor the performance characteristics of Bls, it is
necessary that both the recovery conditions and the test equipment be adequately
controlled. In 1981, due to the need for standardization of equipment for evaluation of Bl
resistance, the Association for the Advancement of Medical Instrumentation (AAMI)
developed and approved standards for steam and EO Biological Indicator-Evaluator
Resistometer (BIER) vessels (7, 8). Performance standards for the steam and EO BIER
vessels are listed in Tables V and VI, respectively.

Collaborative studies, jointly sponsored by the U.S. Food and Drug Administration and
the AAMI, were undertaken in 1986 and 1987 to determine the variability of BIER vessels.
All participants in these studies had BIER vessels which conformed with AAMI guidelines (7,

8).

Table IV. Factors Affecting Standardization of a Biological Indicator System
FACTOR REFERENCES

Strain Selection 6, 11, 30, 40, 61



Spore Propagation Procedures 3,22, 23, 25, 26, 28, 31, 32, 35, 44, 62, 63

Harvesting and Cleaning Procedures 3,22, 23, 25, 26, 28, 31, 32, 35, 44, 62, 63
Indicator Preparation 22,23, 31

Storage and Maintenance 2,16, 19, 20, 27, 31, 38, 53, 54, 55, 56, 69
Resistance Data Analysis 12, 36, 41, 48

Use of Biological Indicators 9,14, 17,18, 37, 39, 49, 51, 60

Table V. Performance Criteria for BIER/Steam Vessels

1. The time to target temperature (with corresponding saturated steam pressure) shall be reproducible at the site
monitored.

2. The time to target temperature (e.g., 121 £ 0.5°C, 29.7 psia) shall not exceed 10 seconds.
3. The time to exhaust shall be reproducible and shall not exceed 5 seconds.

4. Pressure monitoring devices shall show that vessel pressure is within + 3.45 kPa ( £ 0.5 psi) of the saturated steam
pressure.

5. Temperature control devices shall control the temperature of saturated steam to within £ 0.5°C.
6. Temperature monitoring devices shall be capable of determining saturated steam temperature to within £ 0.5°C.

7. Timers shall be graduated so that fractions of a minute can be read with a precision of + 1 second. Timers shall have a
repeatability of + 1 percent.

Table VI. Performance Criteria for BIER/EO Gas Vessels

1. The time-to-gas-concentration (at test temperatures and percent relative humidity) shall be reproducible at the
monitored site.

2. The time-to-gas-concentration for the exposed Bl units shall not exceed 60 seconds.

3. The ethylene oxide gas conditions to test for (1) and (2) above shall be 600 mg (+ 30 mg) EO per liter at 54°C (x 1°C)
and 50 to 70 percent relative humidity.

4. The initial time-to-exhaust of the EO from the exposure chamber shall be less than one minute and reproducible (+ 10
sec.); after the end of the exposure period, items must be removed immediately from the test vessel.

Pressure-vacuum monitoring devices shall show vessel pressure with a precision of + 0.84 kPa (+x 6.35 mm Hg).
Temperature control devices shall control the temperature to + 1.0°C at a specific monitored site(s).

Temperature monitoring devices shall be capable of determining temperature to within + 0.5°C.

®© N o o

Vessels shall be operated with a timer that has a precision of + 1.0 second.

The first of these studies was designed to evaluate the performance of EO BIER
vessels. Seventeen BIER-EO vessels were included in the study and ten were
manufactured by the Joslyn Valve Corporation. Each participant was provided with the
same lots of Bls and prepared sterile SCDB in order to eliminate variability caused by
different Bl types or different recovery medias. All resistance testing parameters were
specified and all D-values were calculated by the same (end-point) methodology.

Shown in Table VIl is a summary of the data obtained from all participants in the study.
Statistical analysis of the data was performed by G. S. Oxborrow, C. W. Twohy, and C. A.
Demetrius. At the 95% and 99% confidence intervals, the percent variability that could be
expected were 18% and 28%, respectively. The range of all data points used to compute



the averages was 1.40 minutes. Thus, even though all of the vessels were supposed to
conform to AAMI standards, a great deal of variation in the D-value from the same lot of
Bls was obtained. The small standard deviation for each individual BIER unit reflects the
reproducibility of a given unit as well as the consistency of Bl samples.

Table VIl. EO/BIER Vessel Collaborative Study Summary of Data from all BIER Vessels

Test Unit Average D-value (Min.) Standard Deviation (Min.) D-value Range (Min.)
1 2.48 0.04 0.11
2 2.46 0.18 0.45
3 247 0.08 0.20
4 3.03 0.20 0.54
5 2.50 0.12 0.30
6 2.55 0.02 0.06
7 2.37 0.07 0.17
8 2.48 0.17 0.47
9 2.49 0.14 0.38

10 2.63 0.13 0.33
11 2.01 0.05 0.13
12 2.96 0.15 0.37
13 2.45 0.10 0.28
14 2.46 0.05 0.12
15 2.41 0.09 0.20
16 2.48 0.04 0.10
17 2.18 0.07 0.18

Mean of means = 2.49

Standard deviation of means = 0.23

Range of means = 1.02

Range of all points = 1.40 (low = 1.93, high 3.33)

Tables VIII and IX show a comparison of data obtained from Joslyn Valve BIER vessels
and non-Joslyn units, respectively. The standard deviation obtained between the Joslyn
units was 0.15 while it was 0.23 between the non-Joslyn units. Thus, the largest variance
for all BIER vessels was due to the non-Joslyn units.

Table VIll. EO/BIER Vessel Collaborative Study Summary of Data from Joslyn BIER Vessels

Test Unit Average D-value (Min.) Standard Deviation (Min.) D-value Range (Min.)
1 248 0.04 0.11
2 2.46 0.18 0.45
6 2.55 0.02 0.06
7 2.37 0.07 0.10
9 2.49 0.14 0.38

11 2.01 0.05 0.13
13 245 0.10 0.28
14 2.46 0.05 0.12
15 2.41 0.09 0.20
16 2.48 0.04 0.10
17 2.18 0.07 0.18

Average of means = 2.39
Standard deviation of means = 0.15
Range of means ='0.54



Range of all points = 0.82 (low = 1.93, high = 2.75)

Table IX. EO/BIER Vessel Collaborative Study Summary of Data from Non-Joslyn BIER Vessels

Test Unit Average D-value (Min.) Standard Deviation (Min.) D-value Range (Min.)
3 247 0.08 0.20
4 3.03 0.20 0.54
5 2.50 0.12 0.30
8 2.48 0.17 0.47
10 2.63 0.13 0.33
12 2.96 0.15 0.37

Average of means = 2.68

Standard deviation of means = 0.23

Range of means = 0.56

Range of all points = 0.99 (low = 2.34, high = 3.33)

The second collaborative study was designed to evaluate the performance of steam
BIER vessels as well as variability caused by the recovery media. Thirteen BIER-steam
vessels were included in the study and six were manufactured by the Joslyn Valve
Corporation. Each participant was provided with the same lots of Bls, prepared sterile
SCDB and dehydrated SCDB (powder) in order to evaluate the effect of the same media
prepared at different sites. In addition to the media provided, each collaborator provided
one additional media lot of their choice. The dry media was prepared by each collaborator
for the test. All parameters of the resistance testing were specified and all D-values were
calculated by the same (end-point) methodology.

A summary of the data obtained from all participants in the study is shown in Table X.
Media A was the prepared media provided to each participant and had the greatest
variance. Medias B and C had the same variance and there was a significant mean
difference noted between all media combinations at the 95% confidence interval. As was
the case in the first study, the standard deviation for all Joslyn vessels was significantly less
than all other vessels (data not shown).

The data obtained from the BIER collaborative studies demonstrated that several factors
can significantly affect the resistance value of the Bl. Unfortunately, the interaction of these
factors is not completely understood. Use of a single BIER vessel may significantly reduce
this variability, but the media type must also be controlled. These data indicate that users of
biological monitors should be aware of the difficulty in obtaining identical results to those
specified on the labels of Bls.

Table X. Steam/BIER Vessel Collaborative Study Summary of Data from All BIER Vessels

Average Media D-Value

Test Unit
Media A Media B Media C
1 3.07 2.70 2.79
2 2.55 2.60 1.90
3 331 3.30 2.10
4 1.97 2.1 2.14



5 1.68 217 2.25
6 2.91 2.14 1.85
7 3.26 2.61 2.62
8 3.19 2.27 2.20
9 2.20 2.45 1.85
10 3.34 2.72 2.41
11 2.75 2.47 2.06
12 2.63 2.88 2.27
13 2.49 2.50 1.89
Range 1.68-3.34 2.11-3.30 1.85-2.79
Mean 2.72 2.53 2.18
Standard Deviation 0.53 0.34 0.34

Qualification/Validation of the BI

Regardless of the indicator type chosen, population, expiration data, storage conditions,
resistance performance characteristics, culture media, and conditions for use (such as
temperatures and time of incubation) should be specified. For commercially available Bls,
this information should be provided in the labeling. Included with the labeling should be a
certificate of performance which should detail the following information:

— The Bl organism(s)

— Lot number

— Viable spore population

— Resistance performance characteristics under specific test conditions
— Expiration date

— Recommended storage conditions

As stated previously, it may be difficult for the user to duplicate resistance data specified
on the label, but one should attempt to confirm reproducibility between and among lots.
Admittedly, this is nearly impossible for the hospital setting.

Conclusions

The biological indicator is a key tool in sterilization quality assurance. By itself, the Bl
cannot ensure sterility of the product, but when used in combination with Good
Manufacturing or Good Hospital Practices, it allows effective means of developing adequate
levels of assurance. Due to the knowledge that many factors can affect the performance of
Bls, it is imperative that both manufacturers and users maintain adequate controls in the
use and evaluation of biological monitors. An adequate sterilization quality assurance
program must include personnel training, satisfactory facilities, equipment, and material flow
systems, as well as adequate monitoring devices. Only by controlling all of the variables
can one ensure the predictability and reproducibility of sterility assurance. Stated briefly,
sterility cannot be ensured only by end product testing or Bl monitoring, but must be
achieved by the implementation of a total set of controls.
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Impact of Sterilization on Toxic Properties of Medical
Polymers

V.G. Lappo, V.I. Timokhina, V.I. Dolgopoloy, S.Ja. Lanina and N.M. Perova
All-Union Research Institute for Medical Engineering, U.S.S.R. Public Health Ministry

The introduction of items derived from polymer materials into medical practice
necessitated the development of methods and conditions for their sterilization at the
manufacturers, which would not negatively impact hygienic affinities and at the same time
meet the modern requirements of asepsis.

At the present time, our native medical industry has put into mass production a number
of disposable medical items. They include systems for blood taking and transfusion,
components of extracorporeal blood circulation units, containers for continuous blood and its
components preservation, subclavian and intravenous catheters, needles for injection,
bougies, probes, and prostheses for various purposes.

A wide range of polymers with various chemical structures have been used for medical
devices, the choice of which is dependent upon the purpose(s) of the item to be
manufactured, its stability to the biological media, its physical and function features, its
ability to resist the sterilization and disinfection effects, and its ability to be processed with
minimal changes in physical, chemical, and mechanical features. The vinyl polymers,
polyolefins, the materials based on styrene, acrylate, polyamides, fluor-polymers,
polyethers, polycarbonates, polyurethanes, and silicone rubbers have been widely
distributed.

One of the most important technological steps in medical device manufacturing is
sterilization. Some requirements for the sterilization methods used in the industrial
conditions are as follows:

— provisions for the sterility of items to be packaged;
— possibility of many sets of products to be processed; and
— possibility of having a continuous process.

Problems associated with the development of sterilization and disinfection methods for
polymer-based medical devices include determinations of the adequacy of the sterilization
method and the preservation of the biological “inertness” or harmlessness. Any change in
the physico-chemical affinity of the polymer material under the influence of temperature,
chemical, radiation, and the other processes by which sterilization is achieved, is inevitably
concomitant with a change in the product’s hygienic characteristics. The toxic affinity of the
item to be sterilized can be defined both in terms of the potential for destruction of the
product because of instability and by the potential for absorption of the sterilizing and
disinfectant agent(s) by the material.

Heat, radiation, and gas sterilization methods are the most frequently used in the
industrial manufacturing of medical polymer-based devices both in the U.S.S.R. and abroad.



Radiation Sterilization

The most common sterilization method for disposable medical items derived from
polymer materials in the U.S.S.R. and abroad is radiation.

The main features of this sterilization method are: the possibility for sterilization of
thermolabile materials; processing of items in paper, glass or plastic packages; and the
possibility of inclusion for sterilization into the continuous industrial process.

The radiation sterilization method for various disposable items related to blood collection
and transfusion provides an interesting perspective. The “disposable” nature of the item is
determined by two considerations. First and most important is the ability to exclude the
possibility of infection transmission by reused items. The second consideration, limited
largely to repeat use items, is the radiation stability rate of the polymer material(s).

The main source of ionizing radiation used for sterilization processing of medical
polymer-based items is the radioactive isotope, 69Co, and linear electron accelerators.

Upon exposure of polymers to ionizing radiation, various physico-chemical transformation
takes place. The character and extent of these transformations depends on the chemical
nature of the polymers, its phase state, condition, and the radiation dose.

In many countries the effective sterilization dose is 2.5 Mrad. In most countries the
effectiveness of a sterilization dose of 2.5 Mrad has been verified at many enterprises. The
interaction of the ionizing radiation with the polymer beyond a consideration of the polymer
structure are related to energy absorption and the transition of polymer molecules into an
activated state. Upon exposure of the polymer to ionizing radiation two main competitive
processes can take place—cross-linking and destructive processes of macromolecules in
radiation. These processes can proceed simultaneously and their speed ratio depends on
the chemical nature and polymer structure and also on the radiation conditions. Accurate
prediction of the outcome of radiation action on the polymer is limited, therefore
accumulation of extensive experimental data is necessary to reliably determine the nature of
the radiation-chemical interaction. The mechanism(s) underlying such an interaction may be
dependent on the chemical structure of the main chain, the nature of groups substitution, the
regularity of macromolecular structure, crystallinity, etc.

The influence of radiation on polyvinylchloride has been given great attention.
Polyvinylchloride (PVC) plastics are widely used in disposable medical items. They are used
in the manufacture of tubes and blocks for extracorporeal blood circulation, blood
transfusion systems, containers for continuous storage and blood separation, and
bioproducts. A great number of papers have been devoted to PVC radiation-chemical
transformation, an analysis of which shows that there is no unified opinion regarding the
mechanism underlying the radiation-induced polymer injury.

The primary mechanism of action of PVC radiolysis is the most arguable problem. Based
on data from some foreign investigators, the primary mechanism of PVC radiolysis is a
disrupture of the C-C link. According to this hypothesis, the alkyl radicals formed as a result
of radiation combine with free chlorine atoms resulting in the formation of hydrogen chloride.
Investigation of the radiation oxidation problems and the concomitant reactions acquires a
special-importance’ in'the case: of medical plasticodevices. Here it is important to bear in



mind the formation of the low molecular products which may be able to migrate into a
contacting medium, and also the change of the surface state of a polymer material which is
in contact with the biologically active media.

PVC takes an intermediate place between the cross-linking and destructive polymers in
radiation action. The polymer cross-linking takes place at a radiation dose of 80-100 Mrad,
which is higher than the dose used for sterilization. In general we observe the destruction
processes at all steps of radiation and in the period of post-radiation storage. It is
necessary to take into consideration that most medical items derived from PVC-plastics
have a prolonged term of use and storage (2-5 years). Multiple investigations have
demonstrated the acceleration of PVC decomposition after exposure to ionizing radiation.

The negative influence of radiation sterilization on the hygienic affinities of PVC-based
medical items has been highlighted in some foreign papers. Polish researchers investigated
the effects of sterilizing PVC tubes with accelerated electrons at a dose of 3.0-4.0 Mrad. A
result of this action was the accelerated migration in the modelled media of the zinc
stabilizer and a considerable increase of blood protein deposition on the surface of the drain
tubes.

German investigators have shown that increasing the sterilization dose above 2.5 Mrad
resulted in reductions in the stability of PVC-plastics, as well as negative influence on an
isolated frog heart preparation as well as on other biological objects.

So, the available literature suggests that the appearance of the toxic affinities of the
PVC medical items by the ionizing radiation used in the sterilization process should be
stipulated.

This conclusion is supported by the results of a series of investigations conducted at the
toxicology department VNIIMT (All-Union Research Institute for Medical Engineering) with
the PVC-plastic medical items exposed to radiation sterilization.

In these experiments, some PVC-plastic containers for continuous storage of blood and
bio-products were exposed to sterilization with accelerated electrons and radiation in doses
2.5, 3.5, and 5.0 Mrad. The aim of this experiment was to discover possible changes in the
toxic affinities of the items as a result of the sterilization dose and to investigate the
influence of various methods of radiation sterilization (accelerated electrons and radiation)
on the hygienic properties of the plastic. Analysis of the toxicological data from these
experiments yielded the following results. When animals were tested with the extracts from
containers sterilized by accelerated electrons and radiation dose 2.5 Mrad, they did not
show any differences in physiological or biochemical indices when compared to animals in
the control group. Animals exposed to extracts from containers sterilized with accelerated
electrons and radiation in doses 3.5 and 5.0 Mrad, showed a number of differences when
compared with animals in the control group: decrease in body weight; changes in liver,
kidney, nervous system functions; and change in body reactivity. The weight coefficients of
the internal organs were also changed. The pathological investigations showed remarkable
changes in the microstructure of the internal organs and signs of albuminoid-fatty
degeneration of the internal organs were increased. No differences were noted in the
toxicological effects of the two methods for radiation sterilization (accelerated electrons and
radiation) when'similar doses were used on'the PVC-plastic.



In order to confirm the conclusions made from these experiments, we have studied the
toxicologic effects of the PVC-plastic sterilized by the fixed doses of radiation and
accelerated electrons at 2.5, 3.5, and 5.0 Mrad. The results of this investigation also
showed that an increase in the sterilization dose up to 3.5 Mrad remarkably decreased the
hygienic affinities of the plastic and the toxic effects of the extracts on the experimental
animals were increased in accord with an increase in the sterilization dose.

Heat Sterilization

Heat sterilization is widely used in medical practice as a method of decontamination due
to its reliability, low energy exposure, and ease of operation. The other advantage of heat
sterilization is that the sanitary-hygienic characteristics of the polymers exposed to heat,
with the correct selection of the method and condition, are, as a rule, better when
compared with the other methods of sterilization.

The main methods of the heat sterilization are air (180°C, 60 min) and steam (120°C, 45
min). In the manufacture of medical polymer-based devices, heat sterilization is used less
often than other “cold” methods because of the high thermolability of many materials.

Two main events have been observed during polymer heating. The first event is
connected with gradual transition of the linear polymer into a viscid-fluent state. This
process, if one does not consider any possible changes in geometric form or size, is
reversible and determined only by temperature. The second event is characterized by
chemical reactions in the polymers leading to its destruction. This event is irreversible and
depends on temperature, time, medium, and affinity of the polymer material.

The action of heat on the polymers, as with any other kind of energy, results in
undesirable changes in properties. Heat destruction of the polymers is characterized by
disintegration of the molecular chains into low molecular fragments and also by splitting of
lateral groups and interaction of fragments. It is considered that the polymers obtained by
polycondensation are usually destroyed within the law of incident, and the polymers
obtained by polymerization are destroyed by the mechanism of depolymerization. The
polymers with quaternary atoms of carbon in the molecular chains and low value of heat
polymerization, as a rule, are degraded into monomers. The monomers are not always
formed by the destruction of polymers containing the secondary and tertiary atoms of
carbon and a high value of heat polymerization. Accumulation of monomers in the process
of heat sterilization is an extremely undesirable event which results in the deterioration of
hygienic features.

The influence of heat sterilization on polymers affinities can be considered with the
devices derived from PVC-plastic.

PVC heat destruction is accompanied by hydrogen chloride release and formation of
single- and conjugated double-links. The admixtures of iron, copper, and zinc salts exert a
great influence on the process of PVC heat destruction.

As a result of polyene structure formation in the process of destruction, the polymer is
strained, rigidity is increased, and mechanical durability is decreased. The
dehydrochlorination *'process” "is“ observed™'at'the temperature 100°C. With further



temperature increases, these processes are intensified.

Investigations were conducted with PVC-plastic containers used for conservation and
prolonged preservation of blood and its components that were sterilized by autoclaving in
two modes: (a) temperature 110°C, 60 min; (b) temperature 110°C, 60 min with drying at
the temperature 100°C during 75 min. The results of these investigations showed that
sterilization using more rigid temperature-time intervals remarkably deteriorated the hygienic
features of the containers. This conclusion was made on the basis of sanitary-chemical
investigations of the extracts from some items, an observed increase in bromination and pH,
and the results of toxicological experiments. With respect to the latter, experimental animals
exposed to containers’ extracts sterilized under more rigid conditions, showed some
changes in peripheral blood count, fermentative liver function, changes in the plasma
histamine content, and histological changes in internal organs.

Sterilization of PVC-plastic used in the packaging of injection solutions of some medicinal
preparations (by autoclaving at the temperature 120°C, 30 min) also produced changes in
the hygienic characteristics of the items. Deterioration of the material stability was
increased with prolongation of the post-sterilization period. There were also increases in pH
values, oxidation, zinc ion content, and a vinyl-chloride monomer in the items’ extract.

So, the results of these experiments indicate that one should be cautious in considering
the suitability of saturated steam sterilization for some polymer items.

On the other hand, if the polymer possesses high thermostability, this method is easy
and can be used on-site in clinics. Primarily, these involve silicone elastomers, vulcanized by
silicon hydrasides peroxides. A wide range of diagnostic and therapeutic instruments, as
well as disposable and reusable items such as catheters, probes, bougies, tubes for
tracheotomy, hoses, airducts, and endotracheal tubes have been sterilized by heat.

Our investigations have shown that the levels of migration for chemical compounds
released from the items sterilized by heat have been low enough. Identification using the
chromatographic and spectral methods showed that among the products migrated were
some admixtures involving vulcanized agents in rubbers and also products of its
transformation. The results of toxicological investigations on these products at the levels
they were discovered did not exert any negative action on the body. The opportunity for
repeated heat sterilization for reusable items extends the product’s usefulness. It was
shown that the toxicologic and hygienic characteristics of items derived from silicone
elastomers were preserved after sterilization at 100°C.

Chemical Sterilization

There are two ways of chemical sterilization. Gas, and with the help of aldehydes
(glutaraldehyde and formaldehyde).

The search for an effective gaseous sterilizing agent has led to widespread use of
ethylene oxide. Ethylene oxide is widely used for sterilization of polymer items with various
constructions and purposes. The lethal effect of ethylene oxide on all kinds and forms of
microorganisms has been adequately proven.

ItUis“known that during 'the’sterilizing ‘process accumulation of the gas takes place on the



surface and inside of materials. The extent of such gas depends on its pressure,
temperature, and humidity. For achieving the greatest contact of the gas with the
microorganisms and consequently for improving the quality of the sterilization, these
parameters should be increased to the levels that leads to result in increased gas
absorption by materials. The amount of gas absorbed depends on affinity of the material
sterilized. As a rule, desorption of gas proceeds slowly and its duration is variable, taking
from several hours up to some weeks and months. This is also determined by
characteristics of the gas and the materials to be sterilized.

The problem of removing of residue amount ethylene oxide and its derivatives from
polymers is a problem in modern technology of gas sterilization.

There have been some reports about serious complications, including inflammation and
necrosis following the application of endotracheal and tracheotomic tubes pre-sterilized with
ethylene oxide. Burns to the face and hands were observed following application of masks
and gloves when residue amounts of ethylene oxide were not removed. Cases of blood
hemolysis in contact with medical PVC tubes pre-sterilized with ethylene oxide have been
described. In general, despite the rapid introduction of gas sterilization into practice, data
about remarkable health dangers of ethylene oxide and derivatives often formed in the
sterilization process (ethylene chlorohydrin and ethylene glycol) have accumulated.

For example, we have conducted experiments that illustrate the influence of gas
sterilization with ethylene oxide on hygienic features of the medical items. Dialysers with
membranes of cellulose sterilized with ethylene oxide were investigated. Extracts from
these items showed unfavorable influences on animals with the following signs: the weight
of the animals lagged behind controls as well as changes in the weight of the heart, liver
and spleen were noted. In our opinion, these effects were the result of the action of residue
amounts of the sterilizing agent absorbed by the polymer on the body.

Toxicological investigations of some membrane oxygenators (type “Silar”) manufactured
on the basis of co-polymer polyacrylate with polydimethylsiloxane after ethylene oxide
sterilization showed some changes in the ratio of protein fractions in blood serum,
hemoglobin content, and changes in the weight coefficients of internal organs of the
experimental animals exposed to membrane extracts. These effects may be also explained
as action of ethylene oxide since the non-sterile membrane does not possess toxic activity.

However, one cannot but admit that gas sterilization is an effective method. Problems
with its application can be characterized in two groups: rate setting of residue amounts and
efficiency of decontamination for medical items. Introduction of a biological control using
highly sensitive objects, for example sex cells of mammalia, is very expedient. We have
developed such techniques and have introduced them into industry.

Glutaraldehyde sterilization, widely used in other countries, has been distributed in our
country. Glutaraldehyde is used as a tannic and sterilizing agent, mainly for cardiac valves
and blood vessels made from biological tissues. Simultaneously it is used as a solution for
preservation. Since 1962 when the sterilizing properties of glutaraldehyde were discovered,
various concentrations of its solution have been proposed (from 20-25% to 2%). In our
country it was shown that processing of xenobioprostheses of cardiac valves with 0.2%
solutions and for a secondtime, 0.5% 'solution, had 'a good sterilizing effect.



The toxic features of glutaraldehyde have been well studied. It is assigned to the third
class of danger according to a classification system adopted in my country (moderate toxic
substances). The main signs of intoxication are lesions of the nervous system, changes in
liver function, and changes in blood following single and repeated introduction into animals.

Contact of a 2.5% glutaraldehyde solution with the skin and mucosa of eyes causes
irritation and heavy lesion of eyes. Glutaraldehyde in high doses possesses embriotoxic and
gonadotoxic activity.

The main problems associated with the application of glutaraldehyde are as follows:

1) determination of the optimal concentration of a glutaraldehyde solution and
processing conditions for the items;

2) development of optimal conditions for washing following glutaraldehyde for the
various kinds of items; and

3) development of standards for residue amounts glutaraldehyde.

Results have shown that the optimal concentration of glutaraldehyde for sterilization and
preservation of xenobioprostheses of cardiac valves and vessels is 0.5% solution.

In determining the washing conditions for items exposed to glutaraldehyde, it is
necessary to note that it should be found empirically for each kind of item. Thus, this
process is influenced by not only glutaraldehyde but also by some other substances which
are added for hemocompatibility and anticalcium. A cardiac prosthesis treated with heparin
and washed according to the standard technique of the U.S.S.R. Ministry of Public Health
did not produce any toxic effect on animals at a glutaraldehyde concentration of 2 mg/L. At
the same time the analogous prosthesis treated by sodium dodcilsulfate or EDTA-zinc and
washed with the same technique produced remarkable toxic effects on biological test-
objects and animals. The concentration of glutaraldehyde was equal to 4.56-5.93 mg/L.

The results showed that the toxic effects of glutaraldehyde are not evident in extracts
with residual contents of 2 mg/L and lower. In some cases, glutaraldehyde was removed
completely by strengthening the conditions used for washing.

With respect to the use of formaldehyde for sterilization of medical devices, it is
necessary to note that, despite a lesser toxic danger, the problems with formaldehyde are
the same as those with glutaraldehyde, i.e., optimal conditions of washing and
determination of standards for residue amount.

Conclusion

Up to the present, the problems of interaction of compounds with polymers have not
been extensively studied. Such investigations are needed.

The process of sterilization as a final step in the manufacture of medical polymer-based
devices are corroborated by the results of toxicological investigations. Thus, the
development of sterilization methods for medical polymer-based devices should be
conducted in conjunction with determinations of potential danger with a goal of optimizing
methods which preserve the biological compatibility of the materials and devices.
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Low Temperature Plasma: A New Sterilization Technology
for Hospital Applications

T. O. Addy, Ph.D.
Johnson & Johnson Medical, Inc. U.S.A.

Introduction

Low temperature gas sterilization has been in use for some time as an alternative to
heat sterilization (both moist and dry). Although the predominant technology employed in
low temperature sterilization is ethylene oxide (EO), formaldehyde is used in some
applications, especially in various health care institutions outside the United States. As the
use of sophisticated heat- and/or moisture-sensitive medical devices has grown, so has the
need to sterilize instruments with means other than the steam autoclave.

Radiation sterilization, mostly involving gamma irradiation (cobalt 60), has been in
commercial use for just over 30 years (2). However, because of the large investment
necessary to build gamma irradiation facilities and the stringent technical controls required
for safe operation, the technology has been limited to large industrial applications. It is
basically beyond the reach of most health care institutions. Furthermore, the detrimental
effects of gamma irradiation on the bulk properties of some nonmetallic materials places
limitations on the use of the technology in applications which require repetitive processing of
reusable nonmetallic devices.

At the same time that the desire for low temperature processes (such as ethylene oxide)
has increased, so too have concerns about potential EO-induced problems. The recent
intensified awareness of the role of chlorofluorocarbons (CFCs) in the depletion of the
earth’s ozone layer of protection is but one example. This problem along with the widely
expressed concerns about the potential effects of the mutagenic and carcinogenic
characteristics of both ethylene oxide and formaldehyde, have quickened the pace of efforts
to find alternatives to current low temperature gas sterilization technologies.

In the search for alternatives, it is appropriate to start with some concept or
characterization of the hypothetical ideal sterilization system. Since our focus in this report
is on applications in hospitals and other health care institutions, the boundaries of such an
ideal sterilization system are discussed from that prospective and can be summarized as
follows:

— Quick turnaround time: Instrument turnaround time with modern hospital steam
sterilizers (pre-vacuum) is about one hour, including drying and cooling time. The ideal
sterilizer should at least be equivalent.

— Low temperature: At operating temperatures between 45° to 55°C, ethylene oxide
has been shown to be compatible with a wide range of materials. The target for an
ideal system should, therefore, be in or below this temperature range.

— Versatility: The technology should be adaptable for a wide range of applications,



not only with respect to materials and instruments, but also with regard to sizes and
sites of use.

— Toxicity: Toxicity is a subject, of course, which should be of paramount concern
with any new technology. Safety should be with respect to both operators and
patients as well as to the environment in general.

Among the many alternative systems being investigated is plasma technology. It may be
helpful to note that the plasma which is the subject of this paper is not the same as the
plasmas encountered in biology or the medical sciences, but rather that state of matter
usually derived from gases or vapors.

What follows is, first, a description of several fundamental features of plasmas and,
subsequently, a discussion of some experimental results from studies on plasma sterilization
conducted at Johnson & Johnson Medical, Inc., over the last few years. Finally some key
factors relevant to the successful commercialization of plasma technology for hospital
sterilization will be highlighted. This report will not discuss in any detail the features of any
particular product.

Plasma Technology

Plasma is defined as a fourth state of matter, distinguishable from solids, liquids and
gases. It can be produced through the action of either very high temperatures or strong
electric or magnetic fields, and it is normally composed of a reactive cloud of ions,
electrons, and neutral species (3). In a plasma, the concentrations of positive and negative
charge carriers should be approximately equal. This condition is satisfied when the
dimensions of the discharged gas volume are significantly larger than the Debye length, AD.
The Debye length (3) is defined as:

kT
\D = 21e 4
nel

D represents the distance over which a charge imbalance can exist.

Where: N = the difference of the discharge gas
AD = Debye length
& = the permitivity of free space
k = the boltzmann constant
Te = the electron temperature
n = the electron density
e = the charge on the electron

There are two categories of plasmas generally of interest in plasma chemistry. One
category includes those plasmas described as high temperature plasmas, produced by arcs
or plasma jets. Temperatures of these plasmas are normally greater than 5,000°K and they
are not of interest to our present discussion. Our interest lies in the second category, which
includes those plasmas described as glow discharge or low temperature plasmas.

Low temperature plasmas are characterized by the following features (3):

— Average electron energies in the range of 1-10eV



— Electron densities in the range of 10° - 1072 cm™3
— Ambient temperature of the plasma is not in equilibrium with the electron
temperatures; usually T./T,, is in the range of 10-100, where T, is the electron

temperature and T, is the ambient temperature of the plasma.

Background of Plasma Sterilization

The application of plasma technology to instrument sterilization has been investigated by
a number of researchers for at least the last 20 years. One of the earliest disclosures on
the use of plasma as a sterilizing agent was in a 1968 patent assigned to the Arthur D.
Little Company (16). The process involved the use of a pulsed high pressure/high
temperature plasma for sterilization. The first application of plasma to low temperature
sterilization was reported in 1972 in a separate patent granted to Arthur D. Little (1). That
process involved the use of low pressure, low temperature plasmas based on halogen
gases for the sterilization of container surfaces.

Other disclosures in the patent literature on the use of plasma include the work by the
Boeing Company (12, 13) on the development of a flow-through plasma sterilization system
for medical devices; by Boucher (8) on the combination of plasma and aldehydes in a
process described as “seeded plasma”; and by Motorola (5,6) on sterilization through
sealed porous packaging, and on the use of pressure pulsing of the plasma to enhance
sporicidal activity in apertures and narrow lumens.

While there are a number of other development efforts not cited here, the above
examples highlight the increasing interest in using plasmas for instrument sterilization.

Why Plasma?

From a fundamental point of view, the selection of plasma as a potential sterilization
technology can be justified by a number of the inherent attributes of glow discharge
plasmas which approach the features desired for an ideal sterilization system.

Through the proper design of the system as well as the appropriate choice of precursor
gases or vapors from which to generate the plasma, a fairly low ambient temperature can
be achieved even in a highly reactive environment. The highly reactive environment
enhances the potential for rapid sterilization.

Further, because the active species are created only when power is applied to the
system, and immediately eliminated when the input energy is withdrawn, the very active
species which can cause rapid inactivation of microorganisms will not be present as a
potential source of toxicity and environmental hazard when the process is terminated.
Additionally, through appropriate selection of the precursor gases or vapors, the opportunity
to achieve nontoxic residues or by-products can also be realized.

Another area of potential advantage for glow discharge plasmas is that their effects are
generally restricted to the surfaces of materials so, inherently, they should be free of the
problems associated with the effects of gamma irradiation on the bulk properties of some
materials.



Experimental Studies

It is appropriate to consider the important practical issues involved in instrument
sterilization with plasmas. In the following sections, issues such as the importance of the
selected active species, precursor gases, decomposition or by-products, packaging, the
methods of plasma generation, and key process parameters will be discussed. The
discussion that follows is based on the experimental results of research by Lin (15) and Dr.
Paul Jacobs at Johnson & Johnson Medical, Inc. It should be noted that, at present, there is
relatively little in the public literature on the theoretical aspects of plasma sterilization and
such theory is not the focus of this report.

Active Species and Parent Gases

As indicated earlier, the precursor gas or vapor that one selects for plasma generation
should be a critical factor in sterilization since it dictates not only the antimicrobial species
susceptible to sterilization efforts, but also toxicity-related factors such as chemical
residues and by-products from the process.

It is obviously desirable to select those precursors whose end products are simple,
nontoxic compounds such as O,, H,O, and H,. Of course, we also want to have present in
the plasma those active species known to have high sporicidal activity such as - OH, HO,-,
O-, and H-.

In order to evaluate the relative sporicidal activity of these species, the microwave
discharge apparatus illustrated in Figure 1 was used to generate specific radicals, using
oxygen, hydrogen, nitrous oxide, and nitrogen dioxide in various combinations as precursor
gases (15). It should be noted that plasmas based on monotomic inert gases such as
helium and argon were not included in these experiments because at low temperatures their
plasmas are apparently lower in sporicidal activity than the species under consideration
here.

The sterilization chamber consisted of a pyrex vessel which connected to a vacuum
pump for drawing vacuum to pressures in the range of 0.1 to 0.5 torr (or 0.13 to 0.67
hektopascal). Primary gas was introduced into the chamber at one end, where the gas
could be acted upon by the microwave discharge system consisting of a Raytheon PGM
10x1 microwave power generator which produced 10 to 100 watts of energy at 2.45 GHz.
A secondary gas inlet was also provided for some of those experiments that required a
mixture of gases to obtain the appropriate species, as shown in Figure 1.

Figure 2 illustrates the comparative activity of these active species against Clostridium
sporogenes spores at room-temperature, and at various distances from the source of
generation of the radicals. The experiments were conducted at a pressure of 0.5 torr and at
a power level of 100 watts. Approximately 108 spores were inoculated onto glass slides
and in all cases were exposed to the active species for 30 minutes. The flow rate of the
gases was set at approximately 0.1 ml/minute. As shown in the plots, sporicidal activity
decreases for all species as the distance from the source of generation increases, as
expected.As the "radicals’ interact” with’ the"'walls"“of the reaction vessel and with other



molecular species in the vessel, their concentration downstream is expected to be lower,
resulting in lower sporicidal activity. The curves also suggest that the oxygen-containing
radicals may be more potent than hydrogen for sporicidal activity at room temperature. The
results of similar experiments conducted at 60°C indicated that the relationship between
sporicidal activity and distance from the source is similar to the results at room
temperature. However, the higher temperature data also indicate that the magnitude of
temperature effects may be different for different active species. For instance, the increase
in temperature appears to have the most beneficial effect on H activity. Activity at 12.5 cm
distance was improved by a factor of about 100 (or two logs), while the corresponding
improvement of -OH activity is almost negligible. These temperature effects, which are
consistent with the known activation energies for these species, are further illustrated in
Figure 3. As shown, O- appears to be the most sporicidal at both temperatures. However,
the data also indicate that under the appropriate conditions all the species evaluated could
be quite sporicidal. The significant fall-off of the activity of the -OH radical with distance is
also consistent with the known reactivity of hydroxyl radicals.
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Figure 1. Microwave discharge system for generation of active species
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Figure 2. Comparative activity of various radicals at room temperature against Clostridium sporogenes
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Figure 3. Comparative sporicidal activity of radicals at 60°C and room temperature against Clostridium sporogenes

In another series of studies with the same experimental apparatus, the resistances of
several organisms to the various radicals were evaluated at 60°C. It was determined that
the Bacillus subtilis var. niger spore was consistently more resistant to all the radical
species than were Clostridium and other spores tested. The experiments to be described in
the following sections were thus conducted using B. subtilis as the indicator organism.

Turning to the subject of precursors, it should be recalled that our interest is in selecting
those compounds which provide the desired active species and which can result in simple
decomposition”or’ by-products. “For’evaluation®of candidate precursor gases or vapors, an



inductive radio frequency (RF) discharge system was used, as illustrated in Figure 4. In
contrast with the microwave discharge system, the RF discharge is capable of producing a
broad spectrum of radicals and other reactive species in the plasma. From practical
considerations, the RF discharge system is also superior to the microwave system for
scaling up, partly because of its much broader usage in many applications in plasma
chemistry. RF discharges are also less difficult to sustain at low pressures. The apparatus
was used to study the comparative sporicidal activity of various precursors including water
vapor, hydrogen, oxygen, nitrous oxide, and hydrogen peroxide. For these tests, about 10°
B. subtilis (var. globigii) spores on paper discs and in polyethylene packages (Tyvek) were
placed in the center of the chamber which was then evacuated. Depending on the
precursor, an aqueous solution or gas was introduced into the chamber and the pressure
maintained at approximately 1.5 torr. The gases or vapors were then allowed to flow into or
remain in the chamber for approximately ten minutes before plasma generation was
initiated. (The reason for this procedure will be discussed in a later section). The
concentration of hydrogen peroxide was about 0.2 mg/liter of chamber volume. The plasma
was generated at 2.49 MHz frequency and at a lower level of 150 watts, with a power
pulse ratio of 1:2 (one millisecond on and two milliseconds off). Plasma was maintained in
all cases for 15 minutes before the process was terminated and the spore samples
assayed for survivors.

Matching Network

Watimeter

AF Pawer Amplifier

Pulsa/Funtion Generatlon

Figure 4. Schematic diagram of RF discharge apparatus

As shown in Figure 5, the hydrogen peroxide plasma has significantly higher sporicidal
activity than the plasmas from the other precursors, achieving a greater than five-log
reduction (total kill) in spore population. The next most effective precursor, N,O, achieved

less than one-log reduction under the test conditions.

Why is hydrogen peroxide plasma so effective compared to the other plasmas studied?
While no theoretical models yet exist to totally explain the difference, the results are
consistent with a number of the known characteristics of hydrogen peroxide and its
dissociation or activated species, as described below.
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Figure 5.  Sporicidal activity of various plasmas against B. subtilis (var. globigi)

First, the bond energy involved in generating -OH radicals from hydrogen peroxide is
relatively low—about 51 Kcal/mole compared to about 119 Kcal for H,O, for instance. Thus,
for the same power input, it is much easier to generate a rich reactive mix from hydrogen
peroxide than from most other precursors.

Secondly, the active species generated from hydrogen peroxide are among the most
reactive known activated species, particularly the -:OH and -O,H radicals, UV radiation, and

a number of other oxygen containing radicals of known high oxidative potential. Thus, while
N,O has a somewhat lower bond energy (40 Kcal/mole) associated with the formation of
the O- radical, the reactive mix in a nitrous oxide plasma is potentially not as rich as that in
a hydrogen peroxide plasma.

Based on the known dissociation products of H,O,, the mechanism for the generation of
the highly reactive mixture in a hydrogen peroxide plasma can be simplified as illustrated
below:

H-0-0-H e HO- + +OH

1-10eV

HO: + HO-OH___ HOH + -0-O-H

H-O-O-H e H-0-O-H*

H-0-0-H" H-0-0-H + Visible and UV Radiation

The chain of events resulting in the glow discharge hydrogen peroxide plasma is started
by the accelerated electrons which result from the strong electric field imposed on the
chamber by the RF system.

The sequence of events is similar to the suggested chain of events involved in the
secondary-reactions during: sterilization by:gammairradiation, as illustrated below (7):



H-O-H A ~ HO- + H-
1.17 MeV
1.33 MeV

H' -+ 02 5 'D‘D"H
HO- + +OH H-0-0-H
2(-0-0-H) H-0-0-H + O,

The reactivities of the key radicals to be expected in a hydrogen peroxide plasma have
been discussed by a number of researchers (9-11, 14).

From the results of the experimental studies described above, in conjunction with the
generally postulated characteristics of various free radicals, hydrogen peroxide is— among
the list of other candidate gases and vapors—a particularly suitable precursor for plasma
sterilization. Beyond its sporicidal characteristics, hydrogen peroxide plasma also has
significant advantages with respect to the probable decomposition products which, because
of the simplicity of the structure of H,O,, are predominantly O,, H,O, and H,, as desired for

an ideal sterilization system.

Packaging

Of importance to any terminal sterilization system is the method of preserving sterility
until the sterilized item is delivered to the point of use. This means that it generally is
necessary to be able to sterilize instruments after they have been sealed in a package
designed to preserve sterility. To evaluate the potential effect of such packaging on the
sporicidal activity of various radicals, comparative tests were conducted in the microwave
discharge apparatus shown in Figure 1 using both packaged and unpackaged B. subtilis
spores. The package was made from a porous nonwoven fabric sold under the tradename
of Tyvek, a microfiber polyethylene material produced by DuPont and used widely for sterile
packaging. The tests were conducted in a similar manner to those described previously
which evaluated the comparative sporicidal activity of the same radicals against C.
sporogenes. As shown in Figure 6, the presence of the package substantially inhibited the
activity of all the radical species. The packaging resulted in the loss of sporicidal activity by
as much as three logs.
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Figure 6. Comparison of sporicidal activity of free radicals between packaged and unpackaged B. subtilis (var. niger)
spores

At the boundaries of the package, collisions and other interactions between the active
species and neutral molecules, or more importantly the “walls” of the package, or with other
activated species, would cause a significant proportion of the active species to return to
ground state, and thus have only a small fraction of the generated species penetrating the
package to effect the inactivation of spores. The package is then an effective barrier to the
penetration of free radicals.

The problem of packaging has been a major issue for many of the previous efforts to
exploit plasma technology for sterilization in a broad range of applications where packaging
IS necessary.

In evaluating various approaches to the problem, it was discovered that, under
appropriate conditions, plasma can be generated within packages with a high enough
concentration of free radicals and other active species to cause inactivation of a large
population of spores. This, however, required that the precursor be allowed sufficient time
to diffuse through the package to the sites of microbial contamination before initiating the
generation of plasma at the power level required to achieve sterilization. With this approach,
the negative effects of the interactions at the boundary of the package are significantly
reduced. To illustrate the importance of this “pretreatment” time for diffusion, an experiment
was conducted in the RF discharge apparatus shown in Figure 4 for generation of hydrogen
peroxide plasma. Spore samples on paper discs in Tyvek packages were assayed for
survivors after being subjected to diffusion times ranging from one to ten minutes, followed
by exposure to plasma at 150 watts with a 1:2 power pulse ratio for 15 minutes. The
hydrogen peroxide concentration in the chamber was approximately 0.2 mg/liter, and the
pressure was maintained at about 1.5 torr. Figure 7 shows the dramatic effects of the
diffusion or “pretreatment” time on the sporicidal activity of H,O, plasma. As expected, the

effect of the diffusion time apparently plateaus after some period; this period may be
influenced by the package and load in the chamber. For comparative purposes, Figure 7



also includes results obtained when no hydrogen peroxide was introduced in the system and
when hydrogen peroxide was introduced as in the previous experiments but plasma was not
activated for the entire 25 minutes of exposure time. The plots illustrate that little activity is
achieved under these two latter conditions, thereby highlighting the significant role of the
active species generated in the hydrogen peroxide plasma.
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Figure 7.  Effect of H,O, pretreatment time on sporicidal activity of H,O, plasma

Plasma vs. Heated Vapor

Depending on process parameters and method of generation, plasmas can be
associated with varying degrees of heat. Because of the known sporicidal activity of
hydrogen peroxide itself, it is useful to separate the sporicidal effectiveness of plasmas
from the potential action of heat and hydrogen peroxide. Comparative tests were conducted
in the RF discharge system. In the experiments involving no plasma an infrared heat lamp
was used to heat the sterilization chamber at about the same rate of temperature increase
as obtained with the RF plasma. The experiment included the determination of sporicidal
activity as well as the depletion of H,O,, which should be expected in a plasma

environment. This depletion was determined spectrophotometrically by measuring the
amount of H,O, on carrier paper discs before and after the plasma or heat treatment.

Tyvek-packaged paper discs were first subjected to hydrogen peroxide pretreatment at
a concentration of about 0.2 mg/liter at three torr for about 15 minutes, and subsequently
subjected to plasma at 150 watts and a pulse ratio of 1:2 at 3.89 MHz, or alternatively to
infrared heat, for five, ten and 15 minutes. The treatment pressure in both cases was about
1.5 torr.

Sporicidal tests were conducted with Tyvek-packaged B. subtilis (var. globigii) spores,
and the initial spore population was about 10°. Figures 8 and 9 are plots of the data on both
the sporicidal activity and hydrogen peroxide depletion for heated vapor and plasma,



respectively.

In comparing the two figures, it is evident that the action of hydrogen peroxide plasma is
dramatically different from that of heated hydrogen peroxide. The kinetics appear to be
different. As expected, the plasma rapidly deactivates spores and at the same time rapidly
depletes H,O, (in sustaining the plasma) and thereby reduces the level residuals. Thus,
within five minutes of plasma treatment, total kill has been achieved. By contrast, as seen in
Figure 8, minimal sporicidal activity was obtained with the heated hydrogen peroxide within
five minutes. Even though the sporicidal activity improved after 15 minutes, total inactivation
was not achieved and there was no reduction of H,O, residuals. The plasma within 15

minutes had removed about 95% of the H,O, on the paper disc.
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Process Parameters

Having discussed some of the fundamental aspects of plasma sterilization, we should
briefly mention some of the key process parameters and design issues relevant to any
attempts to commercialize the technology.

Plasma Generation

There are many types of plasma generators, some of which, for example, are
summarized by Bell et al. (4). Of most active interest in low temperature sterilization
applications are probably RF and, to a lesser extent at this point, microwave-generated
plasmas. Of these, RF systems are the most familiar and perhaps the most flexible from a
design point of view. However, even after selecting the method of inducing the plasma,
there are still a number of design choices one must make. For example, a major factor in
the design of RF systems is the method of coupling the RF energy into the reaction or
sterilization chamber. One can, for instance, select either a capacitively coupled system or
an inductively coupled system, depending on the particular needs of the application. There
are also several types of chamber configurations for various applications, including
cylindrical and parallel plate reactors. Finally, a choice can be made to operate within either
a primary or secondary plasma environment. Frequency is also a factor to be considered.
The design of the plasma, chamber and, generation parameters influence plasma uniformity,
efficiency, and effects on materials.



Concentration of Precursor

Since the precursor provides the raw material for the active species, it is expected that
the higher the concentration, the more reactive species will be available for sporicidal
action. The maximum concentration is, of course, limited by the pressures required for
efficient generation and maintenance of the plasma. Figure 10 illustrates the effect of
increasing H,O, concentration on the sporicidal activity of the plasma. Packaged B. subfilis

spores were subjected to ten minutes of pretreatment at one torr pressure followed by
plasma at 200 watts and a 1:2 pulse ratio for 15 minutes. The effect of increasing
concentration was as expected. For control purposes a similar experiment was run for the
same total duration, but without the plasma. Again as shown in the H,O, plot, very little

activity was achieved without plasma.
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Figure 10. Effect of H,O, concentration on sporicidal activity of H,O, plasma with Tyvek-packaged B. subtilis (var niger)

Plasma Power

As expected, sporicidal activity increases as RF power is increased. Here as well, it
should be noted that since increased power is usually associated with higher temperatures,
and perhaps increased potential for detrimental surface effects, it is often necessary to
increase power levels only within well-defined limits.

Pressure

The influence of pressure on the sporicidal activity of plasmas is not as direct as those
of precursor concentration and RF power levels. From the results of the experiments
conducted._ by Lin, (15),.it is evident that for a given set of other plasma parameters
(especially frequency), there is a specific pressure range in which sporicidal activity is



maximized. For most applications and frequency considerations, the optimum pressure
range is probably below two torr. It should also be noted that the temperature of the
plasma tends to increase as the pressure increases.

Frequency

The frequency used to generate the plasma was demonstrated to have a definite effect
on the temperature, optimum pressure and thus, the sporicidal activity of the plasma (15).
Both temperature and sporicidal activity tend to increase with frequency. Experiments at
Johnson & Johnson Medical, Inc. with frequencies ranging from below one MHz to
microwave frequencies appear to confirm this general trend.

Conclusion

In conclusion, while there is presently very little in the literature on the fundamental
aspects of plasma sterilization, and while there is yet no theoretical models to explain the
sporicidal activity of plasmas, there are sufficient empirical data to indicate that, under
certain conditions, plasmas can be used as highly effective and practical methods for
instrument sterilization. Furthermore, plasmas do not appear to be associated with many of
the problems inherent in current gaseous sterilization systems. Undoubtedly, research
efforts will continue to expand our understanding of the fundamentals of plasma sterilization
technology and to broaden its potential application beyond the hospital setting.

Since plasmas occur at low pressures, an important limitation of plasma sterilization is
that it cannot be used for the sterilization of liquids or other “wet” products such as
biological tissues to be preserved for implants. Moreover, to process cellulosic 