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ABSTRACT 

Temperatures requi red f o r  thermal s t e r i  1 imat ion are known t o  degrade 
c e r t a i n  heat sensi t i ve components, mater ia ls  and products. 
app l i ca t i on  o f  lower temperatures and low l e v e l s  o f  gama r a d i a t i o n  produces 
a synerg i s t i c  e f f e c t  which can s te r i l l ’ ze  w i t h  fewer damaging s ide  e f fec ts .  

means o f  determining the  optimum balance between heat and gamma r a d i a t i o n  
i s demons t r a  ted . 

Simultaneous 
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A STUDY OF THE EFFECTIVENESS OF 
TH~RMO~ADI~T IO~ STERILIZATION 

In t roduc t ion  

The degradation o f  c e r t a i  n spacecraf t  hardware d u r i  ng d ry  heat s t e r i  - 
1 i za t ion  has presented many problems t o  NASA, i t s  contractors  and suppl i e r s  . 
Al te rna te  methods o f  achieving e f f e c t i v e  s t e r i l i z a t i o n  w i thout  s i g n i f i c a n t  
degradation are being invest igated. 

This r e p o r t  presents recent data i n  the  continued study o f  thermoradia- 
t i o n  e f f e c t s  e The data presented i n  SC-RR-69-857, "The Feasibi 1 i ty o f  
Thermoradiation f o r  S t e r i l i z a t i o n  o f  Spacecraft - A Prel  iminary Report ,'I 
establ ished a synerg i s t i c  e f f e c t  between d r y  heat and gamma r a d i a t i o n  over 
a range o f  temperature and moisture condi t ions.  This subsequent r e p o r t  
expands the  lower temperature range o f  i nves t i ga t i on  down t o  6OoC. 

j unc t i on  w i t h  the  lower temperatures, an e f f o r t  has been made t o  maximize 
the complementary e f f e c t s  o f  heat and gamma r a d i a t i o n  by determining the  
most e f f i c i e n t  balance between the thermal and r a d i a t i o n  leve ls .  
these most e f f i c i e n t  combinations, we would hope then t o  s t e r i l i z e  w i t h  the 
minimum environmental s t ress appl ied t o  components, mater ia ls  and products e 

This would tend t o  minimize the  s ide  e f f e c t s  t h a t  can r e s u l t  Prom s t e r i l i z  
t ion .  
ness, d isco lo ra t ion ,  change i n  e l e c t r i c a l  charac ter is t i cs ,  'loss o f  potency 
i n  drugs, and o f f  f l avo rs  i n  food. 

I n  con- 

Using 

Typical  o f  these e f f e c t s  are creep, t e n s i l e  s t rength change, b r i t t l e -  

Surface Contamination Studies 

This phase o f  the  study per ta ins t o  the  mic rob ia l  samples deposited on 
the surface o f  a subst rate and exposed t o  the desired environments. 



a t e r i a l s  and 

Preparation o f  Sampl es--The organism used f o r  t he  experiments was 

Bac i l l us  s u b t i l i s  var. n ige r  o f  the  For t  Detr ick  stock. The spore stock 
cleaned o f  vegetat ive mater ia l  and suspended i n  95-percent ethanol t o  a 
concentrat ion o f  10 per m l .  
storage. 

7 The suspension was maintained a t  4OC dur ing  

P r i o r  t o  use, the  spore suspension was insonated f o r  two minutes t o  
disperse the spores w i t h i n  the ethanol. The samples were prepared by p ipe t i ng  
0.1 m l  o f  the  suspension onto the surface o f  aluminum f o i l  d iscs.  The 
d iscs were 1.25-inch diameter cu t  from b i o l o g i c a l  grade aluminum f o i l  
0.0015-inch th i ck .  The samples were then allowed t o  a i r  d ry  u n t i l  a l l  o f  
the ethanol had evaporated. When dry,  the  inoculated d iscs were assembled 
on aluminum s t r i p s ,  1.50-inches wide by 0 020-inch th i ck .  
d iscs were placed on each s t r i p ,  a s ing le  c lean f o i l  d i s c  was placed over 
each sample and then another aluminum s t r  p placed on top and held i n  place 
w i t h  w i re  clamps. 
permit ted considerable hand1 i n g  and suspending the assembly i n  a v e r t i c a l  
p o s i t i o n  w i thout  loss o r  damage t o  the  sample discs.  
s t r i p s  were then placed i n  a des iccator  over D r i e r i t e  i n  a vacuum f o r  15 
hours p r i o r  t o  exposure t o  the  s t e r i l i z a t i o n  environment. 
i nocu la t i on  and assembly operations were performed i n  a Class 100 laminar 
a i r f l o w  clean room. 

Four sample 

This assembly o f  the d scs clamped between two s t r i p s  

The assembled sample 

A l l  o f  the 

Exposure Methods--The thermal environment was provided by a rec i r cu -  
3 l a t i n g  a i r  temperature chamber having a volume o f  .578 ft w i t h  a r a i l  

arrangement i n  the door t o  ho ld  the  aluminum s t r i p s ,  The temperatu 
con t ro l l ed  and recorded t o  an accuracy o f  - + 0.5OC. 
ment was provided by the  Sandia Gamma I r r a d i a t i o n  F a c i l i t y  (GZF). Th 
f a c i l i t y  contains remote handl ing equipment t o  in t roduce and remove the  

s. $he cobal t -60 source f s  int roduced i n  a corner o f  the  

The r a d i a t i o n  environ- 

rce  and includes v tsual  phys ica l  and e l e c t r i c a l  access w i t h  necessa 

which i s  7 f e e t  by 8 f e e t  by 8.5 f e e t  high. 
3 x l o 6  rads/hr t o  4 x lo3 rads/hr depending on the  l o c a t i o n  o 
w i t h i n  the  c e l l .  

The dose ra tes  range from 
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~ o i s t u r e  con ent o f  the a i r  i n  he temperature chamber as control 1 ed 

a t o r  t~ a specific level and introducing i t  i n t o  the chamber a t  a ra te  

1 by a system o mixing dry a i r  f r m  a desiccant bed w i t h  moist 

of about 1 cfm. The relative humidity (RH) was measured and recorded w i t h  
ium chloride sensors t o  an accuracy of - +1 percent a t  room temperature. 

measurements were taken both a t  the i n p u t  
chamber and from an a i r  sample withdrawn from the temperature chamber and 
cooled t o  room temperature. The i n p u t  a i r  was adjusted t o  provide the 
desired level of RH as measured i n  the o u t p u t  a i r  sample. 

For each experiment, the temperature chamber was placed i n  the GIF 
cell a t  the appropriate distance from the cobalt-60 source, for the 
desired dose rate. The chamber was positioned so  the sample s t r ips  
assembled w i t h  the foi l  discs were vertical and the face of the s t r ips  was 
perpendicular t o  the direction o f  the gamma rays. The temperature chamber 
controller and temperature recorder were located outside the cell w i t h  
necessary cable connections passed th rough  the cell  wall. The humidity 
control system was also located outside the ce l l .  The i n p u t  a i r  t o  the 
temperature chamber was introduced through a 3/8-inch copper tube and the 
o u t p u t  a i r  sample was withdrawn through a 1/4-inch copper tube. 
passed through the cell  wall. A block diagram o f  the equipment set-up is 
shown i n  Figure 1. 
on the dose, were placed on selected sample s t r ips  t o  verify the computed 
dose rates. 

Both tubes 

Silver phosphate o r  cobalt glass dosimeters, depending 

Recovery Methods--Each sample strip when removed from the temperature 
chamber was wrapped i n  s t e r i l e  aluminum fo i l  and returned t o  the clean 
room fac i l i t i e s  for recovery operations. 
required t o  transport  the samples from the remote reactor area where the 
GIF i s  located t o  the Class 100 clean room fac i l i t i e s .  

From 20 t o  30 minutes were 

Each sample strip containing four replicate samples represents a 
single data po in t .  Each of the samples from the s t r ips  was placed i n  a 
separate 50 m l  beaker containing 10 ml of s t e r i l e ,  0.1 percent Tween 80 

samples were then insonated for 2 minutes t o  remove the 
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Figure 1. Equipment Set-Up f o r  Thermoradiation 
Experiment w i t h  Control l ed  Humidity 

organisms from the f o i l  discs. 
d iscs i n  the beakers t o  assure separation o f  the inoculated d i sc  and 
cover disc, and complete we t t i ng  and submersion o f  both discs i n  the water. 
During the u l t rason ic  treatment, occasional a g i t a t i o n  o f  the beakers kept 
the discs separated and prevented co ld  welding together of t h e  two d scs. 
This a t t e n t i v e  ac t i on  assured good recovery o f  the organisms from the 
discs. 
u l t rason ic  water bath t o  a l e v e l  j u s t  above the a t e r  l e v e l  i n  the beaker. 

Care was exercised i n  p lac ing the f o i l  

The insonat ion i s  accomplished w i t h  the beakers immersed i n  the 

Addi t ional  t en - fo ld  s e r i a l  d i l u t i o n s  were made, as required. D i l u -  
t i o n s  were p la ted out  i n  dupl icate on Trypt icase Soy Agar underlay, over- 

a t  35OC. 
i t h  the same type o media and then placed i n  an incubator m a i n t a i n ~ d  

Plates were counted a f t e r  72 hours i n  the incuba 
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Res ul ts 

Themoradiation a t  Various Gama Dose Rates--A series of experiments 
were per~ormed t o  evaluate the thermoradiation le thal i ty  under variable 
gama dose rates. 
radiation levels t o  achieve effective s ter i l izat ion w i t h  minimal degrada- 

his d a t a  is required for optimization o f  heat and 

The f i r s t  experiments were performed a t  a temperature of 105OC. The 
dose rates were 2.6, 5, 13, 22 ,  and 36 Krads/hr. The relative humidity of 
the a i r  introduced in to  the temperature chamber was controlled a t  30 - i- 1 
percent RH a t  75OF. A comparison of the survival fraction curves o f  the 
several dose rates is shown i n  Figure 2. A tendency t o  t a i l  i s  noted on 
the 5 and 2.6 Krads/hr curves. T h i s  behavior a t  low radiat ion dose rates 
will be explored further. 

I I I I I I I I I I 

a 
I 2  3 4 5 6 7 8 9 IO 

TIME, HOURS @ 105' C 

Figure 2. Themoradfation Survival Fraction for Various Dose Rates 
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The i n t e r e s t i n g  f a c e t  of Figure 2 is the s ign i  
t o t a l  rad ia t ion  dose administered i n  each o f  the exp 
s i d e r  a four  log population reduction, the t o t a l  dose a the high dose 
r a t e  (36 Krads/hr) was 90 Krads. 

1 dose t o  accomplish the same reduction was only 21 Krads. Thus a 
A t  the lower dose r a t e  (2.6 Krads/hr) the 

iking dependency on dose r a t e  i s  indicated.  
ss ion  of the var iable  dose a t e  da ta  is plot ted i n  

The D values2computed 

Figure 3 as a function o f  dose rate t o  illustrate this dependency. 
p l o t  o f  D value versus dose r a t e ,  ome sees the rapid eduction i n  D value 
when small amounts of rad ia t ion  a e added t o  heat .  

there is a very rapid reduction i n  D value a s  the dose r a t e  i s  increased up 
t o  10 o r  12 Krads/hr. 
D value as the dose r a t e  is further increased. 
s e l ec t ion  of s t e r i l i z a t i o n  cycles patterned around the rad ia t ion  s e n s i t i v i t y  
of the item t o  be s t e r i l i z e d .  
about 12 Krads/hr a t  105°C can be se lec ted .  T h i s  results i n  a D value o f  
1.1 hours o r ,  based on a 12 log reduction, a s t e r i l i z a t i o n  cycle  of  13  
hours a t  105OC w i t h  a t o t a l  gamma dose o f  156 Krads. T h i s  13-hour cycle  
i s  a subs tan t ia l  reduction from the normal 
by dry heat  alone a t  105OC. 
36 Kr-ads/hr, The D value In this case is 0.7 hours w i t h  a t o t a l  time f o r  
a 12 log reduction of  8.4 hours and a t o t a l  dose o f  302 Krads. T h i s  l a t te  
option w i t h  twice the t o t a l  gama dose could i n  many cases be acceptable. 
As a matter  o f  f a c t ,  this marginal area o f  higher dose rates could 
valuable i n  the s t e r i l i z a t i o n  of many mater ia l s  or products t h a t  a r e  not 
s e n s i t i v e  t o  rad ia t ion  e f f e c t s .  
rad ia t ion  inves t iga t ions  t h a t  we have found have been conducted a t  the 
higher dose r a t e s  of 100 t o  1000 Krads/hr ‘-11 w i t h  a few 
the range of  20 t o  100 Krads/hr and the  work below 20 Krads/hr seemed 
d i rec ted  toward the development of  r ad io res i s t an t  cultures’ 
inh ib i t i on  of potato sprouting.17 I t  does appear t h a t  the low dose r a t e  
area has been neglected.  
has l i t t l e  s ign i f icance  i n  appl icat ions o f  h i g h  ad ia t ion  tolerance.  In 
spacecraf t  s t e r i l  imation, however thermoradiation u t i1  iz ing  the most 

In t h i  

From the ord ina te ,  
D value is t h a t  of dry heat alone and equal t o  4.5 hours a t  105OC, 

Beyond this range the e i s  a marginal reduction i n  
T h i s  does permit the 

For example, a somewhat optimum dose r a t e  of 

3 60 hours required t o  s t e r i l i z e  
A second option might be a h i g h e r  dose r a t e  o f  

Surpris i  g ly ,  i t  seems t h a t  most of  t h  

and the 

Admittedly the area of  l o  dose rate s t e r i l i z a t i o n  
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efffcient dose rate-temperature combination could significantly improve 
material and component re l iabi l i ty .  One might suspect t h a t  t k  
combination m i g h t  be advantageous i n  radiopasteurization and s ter i l izat ion 
o f  foods, medical products and pharmaceuticals, where loss of potency, o f f  
flavors pl asti  c embri t t l  ement ard carci nogenesi s are presently problems. 

Figure 3. Thermoradiation D Value vs Gamma Dose Rate 

Thennoradiation a t  Various bow Temperatures--A series of experiments 
ed t o  evaluate the thermoradiation le thal i ty  a t  relatively low 

s ter i l izat ion temperatures. T h i s  d a t a  combined w i t h  the variable gamma 
dose rate da ta  provides further optimization of the heat and radiation 
levels for effective s ter i l izat ion where lower temperatures are desirable, 
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i n g  il l u s t r a t  ons (Figures 4, 5, and 69 demons 
good synerg i s t i c  e c t s  are avai lab le as low as MPC. ~ ~ e ~ o r a d i a ~ o n  D 
values a t  a dose r a t e  o f  8.0 Krads/hr var ies rom 1.5 hours a t  105°C18 t o  3 
hours a t  90°C (Figure 4) and 6 hours a t  60°C (Figure 5). These D values 
represent a r a t h e r  s i g n i f i c a n t  reduct ion i n  time r e q u i ~ ~ ~  f o r  s t e r i ~ i z a t i o n ~  
For example, the dry heat D values f o r  B. s u b t i l i s  var. n iger  a t  6OoC will 
range from 53 t o  274 hours" depending on moistu 
An addi t ional  experiment was run a t  95OC and 21 Krads/hr (Figure 6) w i t h  a 
resu l tan t  D value o f  1.5 hours e 

- 

R A D I A T I O N  DOSE, KRADSlHOUR 

I I I I I 1 I 
3 6 0 12 15 

TI h?E, HOURS 3 9 8 C  - 
2/16/70 

Figure 4. Thennoradiation Su 

For 90°C, 30% RH and 10 Krads/hr 
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A valuable part of the experimentation planning is  the mathematical 
model2' that  has been developed t o  predict microbial inactivation d u r i n g  
thermoradiation exposure. All of the above D values f e l l  closely to  the 
model predictions. I t  is interesting t o  note that a t  a l l  of these lower 
temperatures the D value versus dose rate curves are similar t o  Figure 3 
w i t h  only an upward shift  of the curves a t  lower temperatures. The knee i n  
the curve remains a t  about the same dose rate  value of roughly 10 Krads/hr. 
Thus i t  seems of l i t t l e  value to  use massive dose rates i f  side effects of 
radiation are a consideration. 

Using a reasonably optimum dose rate of 8 Krads/hr, Figure 7 illus- 
t ra tes  the D value-temperature trade of f  that  is available. 
i t  can serve t o  define the area of investigation. 
an upper dose l imit  of 240 Krads for a 12 log population reduction, 20 Krads 
per log i s  the available dose. 
2-1/2 hours. 

In addition, 
For example, i f  one sets  

A t  8 Krads/hr, the maximum D value would be 
The lowest practical temperatures would then be about 85' 

t o  90OC. 

t 

TEMPERATURE O C  

e 7. Effects o f  Temperature on D-Value a t  a 
Constant Dose Rate o f  8 K 

14 



-The use of foi as a substrate i s  
ces aluminum sheet planchet sub-  

strate i n  several applications. The need for  a system that would permit 
considerable handling and the abi l i ty  t o  insert  samples vertically i n  the 
gamma oven fac i l i ty  motivated the change. A third benefit i n  the use of 
fo i l s  is the abi l i ty  t o  increase the sample size for low levels of inocula- 
t i o n  and survivorsYs. Ten foi ls  per sample are frequently used and as many 
as 100 per sample have been occasionally used. The foil  pack however does 
represent a somewhat different environment than an aluminum sheet substrate 
that exposes the t e s t  organisms t o  the oven a i r  stream. Secondly, one must 
consider the comparative recovery of organisms from the two configurations e 

Experiments were performed t o  determine the effect different substrate 
materials would have on experimental results. The substrate materials used 
were aluminum foil  discs and aluminum plates. 
electrostatic depositionz1 t o  insure uniformity of loading. The environ- 
ments selected were 105OC, 20 Krads/hr of gamma radiation, and 60 percent 
relative humidity. 
materials with l i t t l e  significant difference noted. 

Inoculation was done by 

Figure 8 shows the results comparing the two substrate 

In a review of 27 experiments us ing  either fo i l s  or  planchets, co- 
efficients of variation" were computed for the controls only t o  evaluate 
recovery. 
substrate and 0.146 for the foil  substrate. 

The resultant mean coefficients were 0.176 for aluminum sheet 

A comparative experiment was also performed t o  determine the effects 
of two inoculation methods pipeting versus electrostatic deposition. An 
aluminum plate substrate was used for the electrostatic deposition and 
a1 umi num foi 1 w s used for the pipetted deposition. The experimental con- 
ditions were 90°C, 10 Krads/hr and 30 percent relative humidity. The 
results are shown in Figure 9. The electrostatically deposited samples in 

samples . 
cases show a sl ightly higher number o f  survivors than  the pipetted 

15 



Next a check was made on the repeatability o f  experiments over 
period of several months. A thermoradiation experiment performed in 
September 1969 was dupl icated in February 1970 ith a comparison of the 
data shown in Figure 10. 

R A D I A T I O N  DOSE, KRADSlHOUR 
40 60 80 

0 z 
z - 
z 
0 
t- o 
5 

- 

E 
@i 
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0 

0 FO IL, ELECTROSTATICALLY INOCULATED 

AL. PLATE, ELECTRaSTATI CALLY I NOCULATED 

U L l L  

TIME. HOURS 8 105OC 
I 2 3 4 5 

e 8.  Thermoradiation Comparison o f  Foil and 
A1 uminum Plate Substrate a t  1 0 5 O C ,  60% 
RH, and 20 Krads/kr 
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Embedded Contamination Studies 

In recent years i t  has been found that the heat resistance o f  organ- 
isms is substantially increased when they are embedded i n  solid materials 
typical of potting compounds or casting resins. In particular, Angelotti 
e t  a l Z 3  found the D value for - B. subtilis varr. niger increased to  30 hours 
a t  105OC i n  methylmethacrylate. For surface contamination the D value a t  
105OC would be 4.5 hours. M i t h  this data as a s tar t ing point we began an 
evaluation of the effectiveness of thermoradiation on embedded contamination. 

Materials and Methods 

Preparation o f  Samples--The organism used was Bacillus subt i l i s  var. 
niger prepared i n  the same manner as for surface experiments. The  concen- 
tration however was 10 per ml i n  the 95 percent ethanol suspension. The 
spores were embedded i n  methylmethacrylate plastic for  exposure t o  the 
s ter i  1 i z i  ng envi ronments 

9 

To prepare the plastic w i t h  the embedded spores, the first step was to  
remove the polymerization inhibitor from the liquid methylmethacrylate mono- 
mer by washing i t  w i t h  a 2 percent sodium hydroxs'de solution (NaOH). Equal 
volumes o f  the l i q u i d  monomer and NaOH solution were mixed by agitation in 
a separatory funnel and then allowed to  separate. The aOH solution was 
drawn off and the washing process was repeated, followed by two disti l led 
water washes performed i n  the same manner. 
the monomer was mixed w i t h  sodium sulfate (Na2S04) and allowed to  stand 
for  I 2  hours i n  a re rigerator a t  about 4 " ~ ~  

To remove any remaining waters 

as then added t o  he liqufd monomer. Two m l  o f  
spore suspension ere pipetted into a s t e r i l e  beaker, ~ f ~ ~ r  

the ethanol had evaporated, the spores were equilib 
a saturated solution o f  mag~e~ium chloride ( gC12) resulting i n  a relative 
humidity of 33 percent ~emperature~ Sixty m l  o f  the prepared 
l i q u i d  methylmethac la te  monomer as t h e n  added to  the beaker containing 

es. This mixture was jnsonated for  two minutes a t  
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t o  break up any spore clumps i n  the l i q u i d  monome 

placed under acum and s t i r red i t h  a magnetic s t i r r e r .  
After 18 minutes of stirring and evacuation of a i r  from the mixture, the 

and pressed between two plate glass sheets, 12  x 8 inches t o  a thickness 
of 0.030 - + 0.009 inch. 
assembly submerged i n  a water bath a t  a constant temperature of 5OoC,  for  
two hours and 45 minutes, for complete polymerization. The resulting 
sheets of plastic were hard, clear,  free of bubbles, approximately 150 
square inches i n  size and weighed about 100 grams. 

methacrylate powder (polymer) was added t o  the liquid an 

t e  was partially polymerized. This mixture was t h e n  poured out  

The glass sheets were sealed together and this 

A 5/8-inch diameter hole saw which had been ground t o  a very t h i n  
cutting edge was used t o  cut the sample chips from the plastic sheet. 
Average weight  of these sample chips was 0.203 grams - + 0.005 and each chip 
contained about 1 .2  x 70 viable spores. The loss of approximately one 
log of spores was due to  the effects of polymerization. 
plastic chips were stored under refrigeration a t  O°C or  less u n t i l  pre- 
pared for exposure t o  the s te r i  1 i z i  ng environments. 

5 

The prepared 

Another methodz4 used t o  inoculate the plastic w i t h  spores was t o  mix 
the ethanol spore suspension i n t o  the dry methylmethacrylate powder. The 
suspension was poured over 30 grams of methylmethacrylate powder and mixed 
for 5 minutes on a magnetic s t i r r e r .  
room temperature n t i l  a l l  the ethanol had evaporated and then s t i r red 

The inoculated powder as then equilibrated over a saturated solution of 
ative humidity of 33 percent a t  room temperature for 72 hours. 
he prepared methylrnethacryl ate 1 i q u i d  monomer was added t o  

and this mixture placed under vacuum and s t i r red w i t h  a 

The mixture was allowed t o  al’r dry a t  

the spore Inoculum was we11 distributed throughout the powder. 

magneti c s ti r re r  . hen a i r  bubbles no longer merged from the m i x t u  
ed from the vacuum and heated for 30 seconds a t  5OoC, t o  i n i t i a t e  

erization. The mixture was then cum chamber and 
ated and s t i r red until i t  was pa ia l ly  polymerized. The plastic was 



then cast between the plastic glass sheets, polymerized and the sample chips 
cut in the same manner as described above. 

To assemble the samples for  exposure, three of the chips were placed 
on an aluminum s t r i p  and secured i n  place w i t h  a narrow strip of autoclave 
tape. The assembled sample s t r ips  were maintained under refrigeration a t  
less t h a n  O°C until exposed t o  the s ter i l iz ing environments. 

Exposure Methods--The thermal and irradiation environments were pro- 
vided by the same fac i l i t i e s  described under surface contamination studies. 
The relative humidity was the ambient condition i n  the GIF cell where the 
temperature chamber was located. 
percent d u r i n g  the period of the experiments. Silver phosphate or  cobalt 
glass dosimeters, depending on the dose, were placed on selected sample 
s t r ips  t o  verify the computed dose rate. 

This RH varied from 20 percent t o  30 

Recovery Methods--Each sample strip, when removed from the temperature 
chamber af ter  the desired exposure, was wrapped i n  s t e r i l e  aluminum foil  and 
returned t o  the clean room fac i l i t i es  for recovery operations. 

Each sample s t r ip  with the three chips represents a single da ta  point .  
The sample chips were removed from the metal s t r i p  and each placed in a 
perforated metal basket which was in a wide mouth dilution bottle contain-  
ing 100 ml of s t e r i l e  acetone. The bottles were capped and placed horizon- 
t a l ly  on a shaker table. The metal basket kept the plastic chip suspended 
in the acetone d u r i n g  the a g i t a t i o n  process on the shaker which fac i l i t a tes  
dissolving the plastic chip. 
mately 2 hours depending on the time the chips were exposed t o  the irradia- 
tion environment. After dissolution, tenfold serial dilutions of the 
sol uti on were prepared as required w i t h  s te r i  1 e acetone. 
were pipetted onto s t e r i l e  f i l t e r s  in a f i l t e r  holder apparatus and vacuum 
f i l tered.  The f i l t e r s  used were Gelman Metricel, alpha 6, w i t h  a pore size 
of 0.45 micron. The f i l tered spores were f i r s t  washed w i t h  s t e r i l e  acetone 
t o  rinse off any methylmethacrylate residue, followed by two s t e r i l e  water 
r-inses t o  remove the acetone. 

The dissolution operation required approxi- 

The d i  1 utions 

The f i l t e r  containing the spores 
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placed on a Trypticase Soy Agar underlay i n  a petri dish and placed in the 
incubator. The plates were counted af ter  24 hours of incubation a t  35OC. 

Results 

The two methods of preparation previously described yielded differing 
results. 
resulted in rather large clumps of spores in the final sample material. 
These clumps seemed t o  contain on the order of 10 spores each. The survi- 
vor curve, using this method, i s  shown i n  Figure 11 and i s  labeled clumped 
spores. A linear regression of the d a t a  shown results i n  a D value of 2.5 
hours. If we, however, only consider t h a t  par t  of the curve with the mini- 

First of a l l  the l a t t e r  method of inoculating the dry polymer 

3 

mum slope the D value would be about 6-1/2 hours. A second experiment u s i n g  
methacrylate w i t h  spores uniformly distributed in the material b u t  with the 
same temperature/dose rate conditions yielded an overall D value of 1.9 
hours. 
The reason for the in i t i a l  slope has not been determined. I t  may be due i n  
part t o  additional polymerization b u t  a similar response was obtained using 
gelatine matrix equilibrated a t  75 percent RH before exposure t o  thermoradia- 
tion treatment. 
uniformly distributed in the methacrylate. 
i n  defining a D value versus dose relationship a t  105OC for methacrylate. 
An increase of 150 percent in the dose rate reduced the overall D value by 

25 percent. 

Considering only the la t te r  p a r t  of the curve the D value was 4 hours. 

Figure 1 2  is a comparison of two dose rates w i t h  spores 
These two curves are the f i r s t  

Cone 1 us i on 

A means fo r  selecting the most appropriate balance between temperature 
and gamma radiation has been demonstrated. 
ency o f  radiation s ter i l izat ion suggests the greatest potential i n  low dose 
rate steri l ization t o  minimize side effects. 
associated w i t h l o w  dose rates fortunately can be reduced by the addition of 
heat. 
radiation i s  indeed a means for  s ter i l izat ion whereby the degradation t o  
spacecraft, components, materials and products can be minimized. 

The striking dose rate depend- 

The longer exposure times 

Thus  thermoradiation a t  low temperatures and low levels of gamma 
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