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ABsTRAcT

DEWALD, ROBERT R. (Fort Detrick, Frederick, Md.). Kinetic studies on the
destructive action-of'oxygen on lyophilized Serratia marcescens. Appl. Microbiol.
14:568-572. 1966.-Dried Serratia marcescens (ATTC strain 14041) celIs were ex-
posed to various partial pressures of oxygen and nitrogen. The colony-forming
ability of the organisms was rapidly destroyed during exposure to oxygen but was
unimpaired by exposure to purified nitrogen. The degree of inactivation depended
upon temperature, time, and the partial pressure of oxygen, regardless of whether
pure oxygen or dry air was used. The inactivation by oxygen followed the expres-
sion -lnN/No = k[0 2]13t111, wh No and N are the number of viable organisms
before and after exposure respectively, [O] is oxygen concentration, t is time, and
k is the rate constant. At 25 C, k was 276 4- 36 moles- 3 cc112 hr"' for oxygen pres-
sures between 5.5 and 258 torr. In the temperature range between -78 and 40 C,
the rate constant may be expressed as k = 10191'b01.2 exp[(-430 --L 26) cal/RT]

i,•moles-1/ cc:1l3 hrt-1l2.

Rogers (13) was one of the first investigators dried bacteria is still not understood. Lion,
to recognize the lethal effects of oxygen on Kirby-Smith, and Randolph (11) showed that

lyophilized organisms. Later, Naylor and Smith free radical production, measured by an increase
(12) reported results that substantiated Rogers' in the relative electron paramagnetic resonance

results. These investigators reported that sur- (EPR) signal, occurred when dry E. coli was

vival was the highest for organisms stored under stored in the presence of oxygen. S. marcescens
vacuum and lowest for those stored in air or was shown by Dimmick, Heckly, and Hollis

oxygen. Atmospheres of nitrogen, hydrogen, (3) to exhibit the same phenomenon. The EPR
and carbon dioxide yielded intermediate results. studies were extended by Heckly et al. (5) to

Scott (14) reported that the effect of the atmos- include the effects of moisture, selected protec-
phere upon the survival of dried bacteria de- tive additives, and other environmental factors.
pended upon the nature of the suspending Lion and Avi-Dor (8) showed that reduced
medium and its moisture content. Recently, nicotinamnide adenine dinucleotide (NADHO)
Lion and Bergmann (9, 10) listed numerous oxidase activity was inhibited in lyophilized E.
substances that protect lyophilized Escherichia coil after exposure to oxygen. Hess (6) recently
coli against the lethal effects of oxygen. Lion r

(7) suggested that a prerequisite for effective reported that S. marcescens cells were- rapidly

protection against oxygen in the dry state is the inactivated when aerosolityd in air but that
accumulation of the solute around the bacteria, their colony-forming ability was almost unim-

which he assumed to have occurred during ,Aired when the organisms were aerosolized in

lyophilization. Benedict et al. (1) reported that relatively pure nitrogen.

atmospheric oxygen killed 95% of dried Serratia This investigation was undertaken to deter-

marcescens cells in 10 min, that certain reducing mine (i) an expression for the inactivation of

agents prevented the action of the oxygen, and dried S. marcescens by oxygen, (ii) the Arrhenius

that humidity seemed to play no role in the phe- parameters for inactivation, and (iii) whether

nomenon. the lethal effects of oxygen observed when water
The nature of the adverse effect of oxygen on suspensions of S. marcescens are aerosolized (6)
"Present address: Department of Chemistry, Tufts are similar to those observed when lyophilized

University, Medford, Mass. organisms are exposed to oxygen.
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MATERIALS AND METHODS

The methods for growing the S. marOes:ens strainsSC(Fort Detrick strain 8UK, ATCC strain 14041), de-
termination of viable-cell populations, lyophilization,

and rehydration were described previously (2). Triply
washed bacterial suspensions containing about 2 X !:

1011, organisms per milliliter were routinely used.
iFrom 45 to 70"; of the viable-cell populations in the

Sparent suspensions survived lyophilization, and these
Sdried materials were used for the various studies.

.The oxygen (Southern Oxygen Co., Hagerstown,
Md.) used was predried by passing it through a trap -

of activated silica gel at Dry Ice temperatures. The N -

dried oxygen was stored in 2-liter flasks on the high- N -
vacuum manifold and used as needed. Room air was
dried and stored in the same manner prior to use.
Nitrogen containing less than 10 ppm of water and oool=-
less than 2 ppm of oxygen was obtained from J. T.
"•Baker Chemical Co., Phillipsburg, N.J., in sealed
Pyrex bulbs. The nitrogen was further treated to re- * Air = 37 tor,
duce the oxygen content by allowing it to remain in - , 02 = 23 6 tor,

contact with a mirror of vacuum-distilled sodium 0 0001_ Air 2=6 I,,,
metal for a few days. Gas pressures were measured U Ai, 1 Im
with a McLeod gauge or mercury manomiter. Con- . 02 = s ,orr

1, i tact of mercury vapor with the test organisms was
avoided by using cold traps.

The bacterial suspensions were lyophilized at pres- 0000011
sures less than 10-1 torr in 20-ml ampoules containing oo2 3
glass beads 4 mm in diameter. Immediately preceding ime,. hours
exposure, the ampoules were slightly jarred to break FIG. I. Semilog plot of survival versus time after
up the dried caked material with the glass beads. At exposure of lyophilized Serratia marcescen, to various
the beginning of this study, dried samples were pressures of oxygen, dry air, or purified nitrogen. N1,
vigorously shaken to determine whether this would and N are the number of viable organisms before and
increase the exposure surface of the dried material, after the exposure, respectively.
thus resulting in a possible increase in the rate of in-
activation during exposure. Vigorous shaking in the
presence of the glass beads led to inactivation of a sub- rate decreases as time increases for a given
stantial percentage of the organisms, but with gentle partial pressure of oxygen. Since no oxygen pres-
jarring the mechanical destruction was negligible. In sure changes were detected during these studies,
both cases, the remaining viable organisms decayed it is concluded that the amount of oxygen re-
at the same rate when exposed to a given partial quired for inactivation is very small compared to
pressure of oxygen. Organisms dried in the absence of the amount available in the system.
the glass beads, however, showed slower and nonre- Figure 2 shows the dependence of viability
producible inactivation rates during exposure. During u re 2 sho ssthe dependen of vait
the exposure studies at 25 C, ampoules containing the upon the partial pressure of oxygen after 0.5-
dried organisms were immersed in a water bath and 1-hr exposures at 25 C. The extreme sensi-
thermostatically controlled at 25 C (1--0.5). tivity of the dried suspensions to low oxygen -.

Dried organisms to be exposed to dry air at tem- pressures was pronounced; about 75% of the
peratures below 25 C were cooled to the desired tem- organisms were inactivated in 0.5 hr by oxygen
perature before the air was introduced. After the 1-hr at a pressure of 10 torr. Also, losses in viability
exposure. the ampoules were evacuated and warmed after exposure to dry air were identical to those
to 25 C before rehydration. obtained with pure oxygen when both were

R~suLTs normalized to the same partial pressures of oxy-
gen.

Some survival versus time data obtained by Figure 3 gives another representation of theexposing lyophilized S. miarcescens at various inactivation curves given in Fig. 1. Plots of log
pressures of oxygen, dry air, and nitrogen are N/No versus (time)'t fitted all the survival data
plotted in Fig. 1. No loss in viability could be well. It should be noted that the straight lines
detected when the dried organisms were held obtained for the various partial pressures of
under vacuum (pressures less than l0--' ton) oxygen extrapolate to N/No = 1 at I = 0. A
for periods up to 3 hr. The semilogarithm plot decay expression for the oxygen inactivation of
of N/No versus time indicates that the decay lyophilized S. marcescens can be written: -In NI
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0 5,0 160 ISo 200 250 FIG. 3. Semilog plot of survival versus (time)"2'
Oxygen Preur.. , r, after exposure of iyophilized Serratia marcescens to

Fio. 2. Semilog plot of survival versus oxygen pres- various pressures of oxygen or dr) air. N0 and N are
sure after 0.5- (fine A) and I-lr (line B) exposures to the number of viable organisms before and after the
oxygen or partial pressures !f oxygen in dry air; No and exposure, respectively.
N are the number of viable organisms before and after

- exposure respectively. Opein circles and squares, put TABLE 1. Kinetic data for the inactivation of
oxygen; closed circles and squares, partial pressure of Serratia marcescens by oxygen

oxygen in dry air.
Oxygen'

Oxygen pressure concentration K p-eudo k (molesl'

(torrn (moles/ Oi (h' 1 ) jcctj'1 r'1 2
2)No = KWt 2, where K is a pseudo rate constant c x i (t ch-

dependent upon the partial pressure of oxygen,
and t is time. The pseudo rate constants, K, for 258 139 6.51 271
all the oxygen inactivation data were obtained 172 92.5 5.50 261
by determining the slopes of log N/No versus 160', 86.1 5.17 252

* (time)t*- plots by the least-squares method. 159, 85.5 6.13 300
These data are given in Table 1. 121 65.0 5.27 283The pseudo rate constant is related to the I110ll 59.2 4.79 275

oxygen concentration by the expression: 71.6 38.5 4.15 264
53.7", 28.9 3.85 271

K = k[O211J 37.7 20.3 4.28 337
30.8", 16.6 3.02 258

or 23.6 12.7 3.31 306
[11.0 5.92 2.11 251

logi0 K = n logi0 [021 + logi0 k 8.0 4.30 1.85 245
7.8b 4.20 2.129 306

where n is the order of the rate expression in 5.5 2.96 1.78 267
oxygen and k is the rate constant. A plot of logio
of the pseudo rate constant, K, versus logio of Calculated by using the ideal gas law.
the oxygen concentration is given in Fig. 4. A 6 Dry air used as source of oxygen.
least-squares fit of the data yields a slope of
+ 0.328 = 0.022, which is approximately one- where No and N are the number of viable organ-
third. Therefore, the inactivation by the oxygen isms before and after exposure, respectively,:••can be expressed as follows: [02] is the oxygen concentration, t is time, and k
"c b p afois the rate constant, which was found to ber -InN/No = k[O]Lt/31t2 276 :k 36 moles-l/ccIfihr-.12 at 25 C.
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Dried organisms at -78, -15. 0, and 40 C
were exposed to dry air at atmospheric pressure 3.0-
for 1 hr at these temperatures. The values ob-
tained for the viability losses were corrected for 0
the losses that occur when dried organisms under 2.s5
vacuum are subjected to the various temperatures I
for 1 hr (2). The corrected values of N/No were

then used to estimate the rate constant, k, for 3-S~~~the various temperatures. The results are plotted-' .

as the Arrhenius function in Fig. 5. A line deter-
mined by the least-squares method through the
points for -78 to 40 C yields:

k = 10-95iO.42 exp [( -430 :1 26)cal/RT]
moles-I1ccl13hr-1/L ( 0o

DISCUSSION

Lyophilized S. marcescens rapidly became o.s 312 3.4 3.6 3. 4.0 4. 44 4.6 4. 1 s 2.
nonviable when exposed to oxygen or dry air. 1000 /T
The degree of this inactivation was found to be
dependent upon time, temperature, and the par- FIG. 5. Arrhenius plot for the inactivation of Serraati
tial pressure of oxygen. Lion and Bergmann (9) marcescens, by oxygen. 0, the abscissa. T is in degrees
reported results on the inactivation of lyophil- Kelvin.

ized E. coil by oxygen. Their qualitative results
are in agreement with those of this work, but
they did not report a decay expression for the
inactivation process. However, their survival
versus time data fit the log N/No versus (time)/'-2 --
relationship. Dunklin and Puck (4) reported I
decay data of airborne organisms, and showed 7o0.1
that the decay was more relative humidity (RH)-
dependent in the presence than in the absence
of added solutes. They considered the inactiva-
tion process as consisting of an initial rapid

1 10 100 1000

0.9 Oxygen Pressure, fort

FIG. 6. Log-log plot of survival of Serratia marces-
0.8- ceits versus partial pressure of oxKygen. No and N are

the number of viable organisms bejbre and after the
0.7 stress. Open circles, this work, lyophilized organisms

after 0.5-hr exposure; closed triangles, Hess' data (6),
0.6 aerosoli:ed organisms after 32 min.
05o. 0 first-order rate process followed by a slower one.

However, their data can be represented with

0.4- equal success by a log N/No versus (time)1 t2
plot, indicating that two different decay processes

0. 0are not necessary to explain their data. Hess
(6) recently reported a study on the inactivation

0.9- of aerosolized S. marcescens in atmospheres
containing various oxygen contents. Figure 6

-0.1- gives a comparison of the inactivation reported
by Hess (6) for aerosolized organisms with the

-6.5 -6.0 . l5.0 results of the present work. There appears to be
1g1, 0 Oxygen Concentrao.n. n.../c no marked difference in the degree of inactivation

FIo. 4. Log$o of the pseudo rate constant, K, versus after 0.5 hr as a function of the partial pressure
logio of the oxygen concentration. Open circles, pure of oxygen in the two systems. It should be noted
oxygen; closed circles, dry air. that Hess' data were generated at 40% RH, but

KI.
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0% RH was used in this work; hence, direct LITFRATURE CI.ED
comparison is not completely valid. However, I. BENEDICt, R. G., E. S. SHARPIE, J. CORMAN. G.
preliminary studies conducted in this laboratory B. MEYERS, E. F. BAER, H. H. HALL, AND R.
on the inactivation of lyophilized S. marcescens W. JACKSON. 1961. Preservation of microor-
by oxygen in humidified air indicate that the ganisms by freeze-drying. iI. The destructive
Sdegree of inactivation of washed lyophilize' or- action of oxygen. Additional stabilizers for
ganisms was essentially independent of RH be- Serratia marcescens. Experments with other
tween 0 and 85':;, but when organisms were microorganisms. Appl. Microbiol. 9:256-262.
lyophilized from suspensions containing 0.05fj 2. DEWALD, R. R. 1966. Preservation of Serratia

marcescens by high-vacuum lyophilization.
NaCI there was a marked RH dependence Of the Appl. Microbiol. 14:561-567.
degree of inactivation by air. The results of these 3. DIMmICK, R. L., R. J. HECKLY, AND D. P. HOLuS..
experiments will be reported elsewhere. Hess 1961. Free radical formation during storage of
pointed out that the inactivation by oxygen was freeze-dried Serratii marcescens. Nature 192:
the major cause of death when S. marcescens 776-777.
were subjected to aerosolization in atmospheres 4. DUNKLIN, E. W., AND T. T. PUCK. 1948. The
of dehydrating levels of RH. Webb (15) sug- lethal effect of relative humidity on airborne
gested that the lethal effects in the aerosol are bacteria. J. Exptl. Med. 87:87-101.

due to collapse of protein structures upon dehy- 5. HECKLY, R. J., R. L. DIMMICK, AND J. J. WINDLE.

dration, and he later reported additives that 1963. Free radical formation and survival ofdratonandhe ate reprte adities hat lyophilized microorganisms. J. Bacteriol. 85:
were capable of replacing cellular water, thus 961-965. m
"increasing the survival of aerosolized S. marces- 6. HEss, G. E. 1965. Effects of oxygen on aerosolized
cens (16). It appears that Webb overlooked the Serratia marcescens. Appl. Microbiol. 13:781-i inactivation by oxygen- this is understandable 787.
when one considers the extreme sensitivity of 7. LION, M. B. 1963. Quantitative aspects of the
dehydrate'I organisms to even small oxygen con- protection of freeze-dried Eschericlda coil
Scentrations (Fig. 2). against the toxic effect of oxygen. J. Gen.

J oen rea rks (Fig. kinec iMicrobiol. 32:321-329.
Some remarks about kinetic interpretation of 8. LION, M. B., AND Y. Avi-DoR. 1963. Oxygen-

these data seem warranted at this time. The induced inactivation of NADH oxidase in
amount of oxygen required for inactivation is lyophilized cells of Escherichia coil. Israel J.
small, because no pressure changes were de- Chem. 1:374-378.
tected during the exposures (pressure changes 9. LION, M. B., AND E. D. BERGMANN. 1961. The
>5% could have been detected). Lion, Kirby- effect of oxygen on freeze-dried Escherichia
Smith, and Randolph (11) came to a similar coli. J. Gen. Microbiol. 24:191-200.
conclusion in their work on the inactivation of 10. LION, M. B., AND E. D. BERGMANN. 1961. Sub-
E. co/i by molecular oxygen. The role played by stances which protect lyophilized Escherichia

molecular oxygen in the inactivation process is coil against the lethal effect of oxygen. J. Gen.
Microbiol. 25:291-296.

unknown, and it would be meaningless at this 1I. LION, M. B., J. S. KIRBY-SMrrH, AND M. L.
time to formulate a mechanism only on the basis RANDOLPH. 1961. Electron-spin resonance
of rate data. The preliminary kinetic studies signals from lyophilized bacterial cells ex-
reported in the present work, as well as those of posed to oxygen. Nature 192:34-36.
Lion and Bergmann, show that the inactivation 12. NAYLOR, H. B., AND P. A. SMrrH. 1946. Factors
process is not simply pseudo first-order. In affecting the viability of Serratia marcescens
fact, the decay expression found here suggests during rehydration and storage. J. Bacteriol.
that a chain mechanism involving radicals (5, 52:565-573.
11) is probably occurring during the inactivation 13. ROGERS, L. A. 1914. The preparation of dried
process. cultures. J. Infect. Diseases 14:100-123.

It would be of interest to compare decay 14. Scor-r, W. J. 1958. The effect of residual water
expression reported here with that of other at- on the survival of dried bacteria during storage.
mospheric gases that impair viability. More J. Gen. Microbiol. 19:624-633.
kinetic data in this area should be useful in ex- 15. WENs, S. J. 1960. Factors affecting the viability
plaining the air sterilization of microorganisms of airborne bacteria. i. Bacteria aerosilized

from distilled water. Can. J. Microbiol. 5:649-
AcKNOwLtEDoGMNrs 669.

I am indebted to Milton Shon, George Hess, and 16. WEB, S. J. 1960. Factors affecting the viability

D. 1. C. Wang for valuable advice during this study. of airborne bacteria: It. The effect of chemical
Appreciation is expressed to Eileen C. Campbell for additives on the behavior of airborne cells.
excellent technical assistance. Can., . Microbiol. 6:71-87.
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