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ABSTRACT

Liquid impingers, iilter papers, and fritted bubblers were partial
viable collectors of radiocactive submicron Tl bacteriophage aerosols at
30, 55, and 857 relative humidity. Sampler differences for viable coli-
lection were due to incomplete physical collectliopn_ (slippage} and killing
of phage by the samplers. Dynamic aerosols of a mass median diameter of
0.2 micron were produced with a Dautrebande generator from concentrated
aqueous purified phage suspensions containing extracellular soluble radio-
active phosphate as a physical tracer. There was considerable destruction
of phage by the Dautrebande generator; phage titers of the Dautrebande
suspension decreased exponentially but there was a progressive (linear)
increase in tracer titers. Liquid impingers recovered the most viable
phage but allowed considerable (30 to 48%) slippage, which varies inversely
with the * :sosol relative humidity. Filter papers were virtually complete
physical collectors of submicron particles but were the most destructive.
Fritted bubbler slippage was more than 807%. With all samplers, phage kill
was highest at 857 relative humidity and lowest at 557 relative humidity.

* _An electrostatic precipitator was used to collect aerosol samples for

particle sizing with an electron microscope. The particle size was slightly ‘
larger at 85% relative humidity than at 30 or 55% relative humidity.
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1. INTROUUCTION

The literature gn microbial aerosols has been concerned mainly with
bacterial aerosols. Less {8 knownm about viral aeroscls,a particularly
with regard to the production, particle sizing, and sampling of submicrom
aerosole of viruses. Submicrom gerosols have been studied extensively,
but knowledge i1s limited almost entirely to eercsols of {inert materials.
Extremely fine aerosols in the millimicron size range (<0,1 microm) have
been produced from dilute splutions of dyes and salts and from colloidal
suspensions, Stern et al. generated homogeneous millimicron aerosols
from dilute colloidal suspension with a meodified Vaponefrin naebulizer,
Their technique was unique in that the colloids were highly purified
viral suspensions, The concentrations of the suspensions were adjusted
by dilution with water so that the chance of two virus particles being
present similtaneously in & single evaporating water droplet was about
1 to 100, Morris et &l.” evaluated an electrostatic precipitator for
sampling moncdispersed T3 coliphage aerocsols produced with a modified
Colligon atomizer from phage broth lysates diluted extensively with
water 50 that the aerosols coniisted principally (95%) of single phage
particles,

Physical tracers such as radicactive {sotopes, dyes, and bacterial
spores have been used to study the behavior and samplggg of microbial
derosols., Harper, Hood, and Mortor® and M{ller et al.’ used radicactive
isotopes and bacterial spores to study the survival of bacterial aérosols,
Herper™ used radioactive phosphate to study the survival of alrborne

" viruges. Tyler, Shipe, and Paiunter used physical tracers with bacterial

aercsocla to show that slippage of the aerosol particlas through the sam-
plers, particle size discrimination, and destruction of bacteria during
the sampling process are sources of sampler differences.

This paper reports on the generation, sampling, and particle sizing
of submicron aerosols of Tl phage. The aeroscls were produced with a
Dautrebande aerossol generator from concentrated aqueous suspensions of
purified phage containing soluble radicactive phosphate as a physical
tracer. Five air sampling devices were compared for the physical and
viable collection of submicron aeresols at relative humidities of 30,
55, and B5% and & temperature of 24 C. The samplers werecall-glass
impingers (AGI-4), caplllary impingers, Chemical Corps Type 6 filter
papers, MSA 1106BH filter papers, and fritted bubblers,




II, MATERIALS AND METHODS

A. PHAGE CONCENTRATION AND PURIFICATION

T1 and T3 bacterfophage, two of the well knowm T-series of phages of
Escherichim coli, wera studiad. These phages are relatively stable to
chemical and physical manipulations ard are relatively easy to obtain in
pure form, Aercsolipation of concentrated aqueous purifi{ed suspensioms
of both of those pheges zesulted in aeroscls of small particlas well
within the submicron size range (<0.3u). However, the aerosols ars sub-
ject to blological decay, and the purification required to obtain sub-
micron aerosols is detrimental to the survival of the airborme phage.
Studies with submicron T3 phage aserosols were discontinued when tests
revealed that Tl phage was much more stebla in air, especially at the
lower relative humidities,

An electron micrograph of a Ti phaga particle prepared by the air dry=
ing technique {s shown Iin Figure 1. It Is tadpole-shaped, with & slender
tail sbout 130 millimicrons long attached to A hexagonal head about 60
millimicrons in diameter. Agqueous purifiad phage suspensions were used
to produce submicron aerosols. The suspension mugt be free of soluble
and particulate contaminants to produce an aerosol of minimum particle

.glze, Clean phage suspensions were prepared by concentrating and purifying

large volumes of broth lysates by differential centrifugation and washing
with distilled water,

T1 phage lysates were produced {n double strength Bacto nutrient broth,

Ratches of five liters in 18-liter carboys proved convenient. The seed
inceulum of E. coli strain B (ATCC 11303) for a carboy was prepared in

100 ml of the same medium in a 500-ml Erlenmeyer flask and incubated at

37 C on a shaker for 16 hours. The carboy, previocusly warmed to 37 C,-
was then inocculated with 100 ml of the seed E. goli culture and incubated
at 37 ¢ with aeration on a shaking machine. After 3% hours' incubation
the E. ¢oli culture had reached the end of the logarithmlc phase of growth
(1 x 10”7 cells per ml). Crude phage lysate, clarified by low-speed .cen-
trifugation, was added in the ratio of 2 to 5 phage particles per bacterium
and the carboy was shaken 4 to 5 hours, Agueous purified phage suspen-
sions were not uged for geeding coli cultures because higher pnage yialds
were obtained when broth lysates were used for inoculation.

The crude lysates titering 1 x 100t phage particles per ml were clari-
fied at low speed (10,000 x g) for 10 minutes in a Servall §S-1 centrifuge
to remove bacterial and large-particle debris. The supernatant fluid was
decanted and centrifuged at high speed (60,000 x g) for 25 minutes {n a
No. 30 rotor in a Model L Spinco preparative ultracentrifuge to sediment
the phage component., The supernatant fluid was drawm off with a flat-

. tipped needle unril the level of the liquid remaining in the bottom cf



Figure 1. Elestron F':rograph of Tl pPhags Parttcla
Prepared by ALr-Drying.

the centyifuge tube was just above the virus pellet, The pellets were
resugpended in the bottom superﬂatant fluid by shaking and treated with
5 micregramg per ml of each of the enzymes deoxyribonuclease and ribo-

extraneous DNA and RNA decreased the viscesity of the suspension and
enhanced the separation nf the phage component by centrifugation,. '

The suspension was clarified by low-speed centrifugation and then sub-
jected to six complete cyecles of differential centrifugation, {i.e.,
alternate high (80,000 ® g) and low (10,000 x g) speed ventrifugation,
The pellets from the high-speed centrifugations were resuspended in the
bottom supernatant fluid and washed with triple-distilled water to dilute
out the salts. From the original five liters of crude lysate about 70 ml
of uqueous purified phage titering up to 10 phage particles per ml was
produced. Tloss of viable phage particles froum the purification procesy
was about 807 in most cases,

" nuclease for 2 to 4 hours at 37 C in the presence of -an ‘Mg30,concentra~ -~ o~
“tion of 0.003 M and at a final pH of 6.6. The enzymatic digestfon of
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Tor the gampling trials, several puri%ied lots that had been stored at
5 ¢ for perinds up to one year were pooled, clarified et low-speed centri-
fugation, and put through a final cycle of differential centrifugation,
The pooled suspension stored very well at 5 C; there was no discernible
drop in viable titer during the period of this study, nearly twc months,

The physical and bioclogical properties of the radloactive phage suspen-=
sion usad in all trials were!

e. Viable count 1.55 x 10** phage per ml

b. Radiocactivity 10 microcurie (ue) per ml oo
¢, Viscosity at 30 ¢  1.0349 centipoise

d. Specific gravity .00t -~

e. Surface rension 74.4 dynes per cm
f. Dry walght . 0.01% )

g. PpH \ 6.6.

B. RADIOCACTIVE TRACER

A radicactive isaotope was salected as the physical tracer because the
minute amouhts of carrier-free isotope required would not alter the char-
acteristics of the phage suspensions and therafore would not increase the
aerospl partisle siza. Soluble radicactive phosphate was used as an extra=
cellular tracer, i,e,, 1t was added directly to the phage suspensicn, The
isotope, specislly prepared for this study by the Oak Ridge National Labo=
ratory, Oak Ridge, Tennessee, was a solution of carrier- ~free HBPBZOQ.EE
=—distilléd Water of dAn activiry of 1 millifcufie (mc) per ml, It had a pH
of 6,2, which was compatible with that of the phage suspension, 6.6, The
isotope solution was added to the phage suspension at the start of each
test, TFor all tests the amounts were constant {0.1 ml of isotops sclutiocn

~par 9.9 ml of phage). As & consequence the activity of the test phage sus=

pension decreased, because of radiocactive decay, from 10 uc per ul for the
first test to Ieas than 1 pe per ml for the Iast test, nearly two months
later.

Preliminary experiments revealed that pﬁage inﬂctivaticd'by the radio- -

active tracer was not detectable over a 24-hour holding period. In the
sanpling trials, the phage-isotope contact period, i.e,, the time between
gample collection and assay, was less then four hours.. :

“C. AEROSOL GENERATIR

The partirle size of aevrosols produced from liquid suspensione is
primecily 8 function of the atomizer droplet size apd the constituemcy or
azount of solid material in the spray suspension. Phage serosols of the
w.nimum part icle size would therefore be produced from clean iguenus phage
suspensions with 2n atcmizer producing the smallest droplets,
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The Dautrebande D301 aerosol generator¥ has been used for the produce
tion of submicron aerosols from solutions of dyes and salts, It is a type
of atomizer-impactor in which the larger droplets are resturned to the solu-
tion while the smaller droplets are permitted to escape. This selecticn
is accomplished by means ¢f successive liquid barriers, which is termed
obligatory liquid filtration. The obligatory liquid filtraetion takes place
in a2 hollow cylinder in which the unstable particles coalesce and form a
continuoug liquid mass. The droplets that are able to pass the barrier
are passed through a capillary pipe system wliere particles that have nct
attained a sufficlent degree of stability coalesce and form another liquid
barrier through which only the rmost stable droplets can traverse. The
dispersion process involves some evaporation and consequently there is &
progressive (linear) concentration of the gema\raa!:or‘sus.pemion.‘s

D. AEROSOL CHAMBER

The aerosol chamber and apparatus used to test the air- sauuling davices
are illustrated in Figure 2. Dynamic\aeroscls were produced by atomizin
radloactive aquecus purified Tl phage Buspenmsicns with a Dautrebande D3p+
‘serosol generator operated at 17.5 psig, The air flow through the gensrator
was 18 liters per minute and the £Iluid atomfzation rate wes 0.15 ml per
ainuta, The aerosol was diluted and mixed with 30 liters of alr of the -
desired relative humldity in a 4-1liter eylindrical glass chamber, From the
mixing chamber the aerosol passed intc & l2~gallon carboy and finally into
a circular (10-ecm-diameter) manifold with ten sampling ports, The excess
aerosol was bled off through a £ilter locatad upstream frcm the sampling

manifold, Aerosol relative humidity was controlled by deyers and humidi= —
fliera for the mixing air. Aerosol relative humidity and temperature measure-
ments were obtained from wet and dry bulb thermometers, Air supplies for
generation and mixing were filtered, which assured clean particle=free air.
Standard operation imvolved generating tha aerosol continuously for a total
of 25 minutes: 10 minutes to establish the desgired humidity followed by a
S«minute sampling period and a final 10 winutes to recheek the humidity,

The samplers removed three-fourths of the total inflow, consisting of 48
liters per minute, 1In order to minimlze the radiclogical hazard, the

system was housed in a ventilated chemical hood,

E. AFROSOL SAMPLERS

Five aerosol samplers were evaiusted in comparative tests for the

’ phvsical (radiocactive) and viable collection of submicron T1 phage

aerosols, They included two types of high-velocity liguid fmpingers,
two ultra-high~efficiency filter papers, and a low~flos bubbler. Slip-
page of the aerosol through the samplers was determinsd from backup
filters placed in the sampler exhaust line. T4e following samplers
were evaluated simultaneously for 5-minute sampling pericds.

* 0., Lmerson Co., 27 Jottage Pars Avenue, Cechridge, Massachusetts.
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Flgure 2, Aeroscl Apparatus..

1. All.Glass Impinger (AGI-4)

. _.This sampler is a high-velocity liquid impinger evaluated at the -

S

Sompling

manifold

1

!

Vatuum

pump

maximum (~ sonic) flow rate of 12% liters per minute with 20 ml of Bacto

nutrient broth containing 0.08&% Dow Corning Antifoam A,

The flow rate

controlled by a caplllary orifice at the lower end of the inlet tube.
tip of the capillary is 4 mm from the flask bottom, hence the designationm

AGI-& .}

The raised impinger (AGI-30) was not included in this study because

is
The

preliminary tests with nonradiocactive submicron T! phage aerosols revealed
that the AGI-4 was superior for vighle collecticn at all three aerosol

relative

humidities.

2. Capillary Impinger

This sampler is similar in principle to the AGI-4 except that
maximum (~ sonic) flow rate is 2.5 liters per minute.
at an orifice-to-flask-bottom clearance of 8 mm with 25 ml of broth with
antifoam.1

It was evaluated



—— TH—————e T T T T

3. Fritted Bubbler

This sampler 18 an air washer-bubbler made from a fritted glass
disc and a 250-ml flask. The fritted glass disc at the end of the inlet
tube provides for uniform distribution of the bubbles and intimate gas-
liquid washing, The sampler was operated at a low flow rate of 1.0
liter per minute to enhance collection by diffusion, The flow was con-
trolled by a capillary orifice in the vacuum line. The fritted glass
disc, 20 mm in diamecer and of coarse porosity with a maximum pore size
of 40 to 60 microns, was immersed in 150 ml of broth with antifoam.

4. Chemical Corps Tfﬁe 6 Pilter ?apet

This material is an ultra-high-ef;iciency filter paper composed
of cellulose, rope, and asbestos fibers. The filter discs (2.5 ¢z in
diameter) Yere sealed in in-line filter holders with an effective area
of 2.0 cm, Sampler flow rate was 1.0 liter per minute and therefore
the filter face velocity was 8 cm per second. The flow rate was con-
tralled by a caplllary orifice placed in the vacuum line. TFor assay,
the filter dises were placed, immediately after the test, in 100 ml of
broth containing 0.1% Twéen 20 ard shaken wvigorously for 10 minutes on
a mechanical shaker. The Type & paper is easily disintegrated to pulp
by shaking. . ,

5, MSA 11088H Glass Filter Paper

This material®* is an ultra-high=efficlency filter paper cemposed
of very finsly spun glass fibers and anorganic binder to increasse tensile-
strength. Unlike Type 6 -paper, it does not break up with shaking.

6, Backup Filter

The sampler slippage was determined from in-line filter holders
containing Type 6 filter paper backed up in the same holder by Chemical
Corps Type 5 filter paper. The Type 5 is a low=-efficiency paper of
cellulose and asbestos fibera with a backing of cotton scrim, It served
as a support to prevent rupture of the Type 6 psper and was assayed with
the Type 6 paper.

The toxicity of the filter papers to phage and E. c¢oli was investi-
gated. NXone of the three filter papers is toxic to phage but Type 6 papir
inhibits the growth of E. coli, which causes a reduction in phage plaque
counts. Inhibition, presumably a bacteriostatic effect, ie exhibited orly
when the filters are suspended in small volumes of broth and plated without
dilution. Inhibition was demonstrated by suspending Type 6 filter discs in
20, 50, and 100 ml of Tween broth of & known phage concentration. Mean
phage counts from 1-ml samples of the suspensions were 687 of controls for
20 ml, 87% for 50 ml, and 100% for 100 ml. 1In the sampling trials 100-ml
blarnks wrre used,

* Mine Safety Appliances, Pittsburgh, Pemnsylvania.
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sampler air flow rates were determined with a wet test meter., They
were calibrated as they were to be used in the tests, i.e., with backup
fiiters. The increase In resistance due to the backup filter reduced the
AGT~4 flow rate to 95% of the maximum (~ sonic) flow, For the capillary:
impinger this value was 99%. The effect of this deviation from sonic
velocity on impinger performance for submicron particles was not determined,

In the tests the semplers were attached to a vacuum manifold. The
absolute pressure at the manifold was less than 0.4 atmosphere, sufficient
ro maintein pressure drops exceeding 0.5 atmosphere across the sampler
orifices and assuring constant maximum flows.

F. AEROSOL PARTICLE SIZING

Preliminary tests of nonradicactive T1 phgge aerogols with the Casalla
cascade impactor ® and the Andersen sampler,z both of which are used for
gizging viable micrcbial aerosols in the mieren size range, ravealed that
T1 phage aerosols were somewhere in the submicron size range but no finite
parameters could be calculated because more than 907 of thz viable particles
passed through these samplers, 3olid gelatin, after the work of Dahlgren,
Decker, and Harstad,” was the collecting medium used in the Andersen
sampler. Finite particle sieze parameters of the radicactive T1 phage
aerosols were determined with an electron microscope from aerusol ssmples
colliected with an electyrostatic precipitator. Electrostatic precipitatiom
sampling is the method of choice for f}zing asrosols below the limits of
resolution of the optical microscope, The precipitator ussd in these

tests is similer to those described by Billings-and $ilverman - and Morzow-- — - -

and Mercer'® and consists of a glass tube (1.75 cm in diameter) holding

two electrades. One electrode is a neadle., The opposing clectrode {5 &
brass holder for an electron microscope speclmen grid., A potentlal of
10,000 volts a.c. is maintained across the electrodes and the distance
petween the electrodes is adjusted so that a corona is barely visible.

This distance was about 1.8 ¢m for my instrument, An air flow rate of

1,0 liter per minute was uszed, giving a linmear wvelocity through the pre-
cipitator of 7 cm per gsecond., The specimen grids were collodion-coated

and shadowed with carbon. A sampling time of 5 minutes was usually required
to collect & sufficient number of particles on the grid. The grids were
then shadowad with uranium and examined in the electron mieroscope at a
magnification of 6890. Random areas from grids with a particle populatiom
of 25 to 100 particles per field weres photographed. For sizing, the elec~-
tron micrographs were projected om a screen of transluzent paper to a total
magnificetion of 50,000 {1 mm = 20 mu). ALl particles were measured. 1t
was not possible to distinguish phage-bearing particles from empty particles;
therefore, only the physicel or tcrtal aerosol particle size was determined.
The individual particles were measured sccording to Maztin's statfstical
diameter to the nearest % mn. Me-sin's statistical diameter has the cffect
of avoiding bias in the measurement cf irregular-shaped particles. It ie
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defined as the mean length of a line intercept by the profile boundary that
approximately bisects the area of the profile. The bisecting line is taken
parallel a figed direction, irrespective of the orlentation of each
particle, For each size interval, the number of particles, percentage

of the total number of particles, and the cumulative percentages were deter=
mined, The cumulative percentages, when plotted against particle diameter,
gave a good straight-line fit on leg probability paper., Therefore, the
particle sigze digtribution was log-normal. Populations of 200 to 500
particles were used to determine the following parameters:

1) Number median diameter (00D)

2) Mass median diamster (MMD)

3) Geometric standard deviation (GSD)

4) Per cent by number lese than 60 mu in diameter
5) Per cent by mass less than 60 oy in diameter

The geometric standard deviation, which indicates the éegree of hetero-
geneity of the aercsel, wes determined from the following equation:

gsp = 84.13% sime _ _ 507 size
50% size 15.87% size
The YMD was calculatedagrom the XMD grapha by using the following
wm == - - aguatdon- derived by-latch,”  which is valid only 4f-the distribution-is
log=normal. ‘

log M¥D = log MDD + 6.9078 log® GSD

G. ASSAY

Aerosol samplers and phage suspensions were assayed in duplicate both
for radicectivity and for Tl phage. Dilution for the phage assays reduced
the soluble tracer to negligible amounts, terminating the exposure of phage
to vadiation. Samples were assayed for phage by msking duplicate serial
dilutions in nutrient byoth and plating l-ml samples of each dilution in
triplicate, using an agar layer method similar to that described by Adams.*?
Fresh nutrient broth cultures of E, coli, aerated on a shaking machire at
37 € for 4 to 6 hours, were the seed cultures. Test tubes containing 3 ml
of melted dilute Bactc nutrient agar (11 grams per liter) were inoculated
with 0.5 ml of the sgeed culture, and 1 ml of the phage dilution was added,
The mixture was swirled briefly and poured over the surface of a solid
nutrient agar plate. The plate was rocked gently and allowed to harden,
The melted dilute agar tubes were held at 46 C in a water bath prior to
seeding with the E. goll culture., The phage plaques were courted after
incubation at 37 C for 5 hours.
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For the radicactive p32 assays, duplicate 2-ml samples were pipetted
{nto aluminum planchets, evaporated to dryness overnight, and counted the
following cay in a windowless gas-flow proportional counter of 507, geometry.
A strong attempt was made to keep the method of planchat preparation con-
stant. TIn order to compare the results of the trials, the activity of the
samples at gzero time was computed from the observed counts by using the
decay curve of P32 (half 1ife = 14.3 days). Zero time was selected as the
time when the specific (absolute) activity of the isotope solution, which
was added to the phage suspension at the start of each trial, was 1,0 me
per ml. The specific activity of the samples was determined by calibrating
the proportional counter with a known standard and making the appropriate
correction for back-scatter. Self=absorption was negligible,

B. DESIGN OF EXPERDMENT

A series of 15 aerosol trials was conducted to compare five air sampling
devices for the physical and viable collection of radioactive submicron T1
phage aerosols at ralative humidities of 30, 55, and 85% and a temperature
of 24 C. Five trials were conducted at each relative humidity, employing
duplicate seuplers of each type per trial.
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ITT. EXPERIMENTAL RESULTS

Data from 15 asrosol trials showing the tracer and phage concentrations
in the Dautrebande sugspenslicn and in the test and backup samplers are sum~
marized in Table 1. From these data the following parameters were calcu-
lated and ligted in Tables 1, 2, and 3.

A. KILLING OF PHAGE ZY THE DAUTREBANDE GENERATCOR

There was considerable destruction (death) of phage by the Dautrebsande
Dyq” aerosol genmerator (Teble l). Radiological and phage assays of Dautre=-
bande suspension at intervals during the 25-minute aerosolization period
revealed an exponential decrease in phage titer and a linear increase in
radiological titer. The expcnential form of the equation that deseribes
the rate of phage inactivaticn in the Dautrebande suspension is

s  age T
- SR Sre—— .
x % ’

where @ is the phage count at any time t, a, 1s the eriginal count at rero
tima, ® is the radiocactivity &t time t, and xp i8 the doriginal radicactivity
at gero time, Viability, i.e., the fractiom of phage surviving in tha
Dautrebande suspension at any time, is (& xg)/{agx). At the midpoint of
the aerosol sampling period {t = 12k minutes) 547 of the phnge particlea

‘that were viable at zero time wera srill visbla, R

B, RADIOLOGICAL AEROSOL CONCENIRATIONS

The Dautrebenda generator concentrated the trdcer in a linear manner
and therefore the radiclogical aercsol concentrations increased with time
{Teble 1). The mean theoretical radiological concentva*ion at the midpoint
of the sampling pericd (t = 12k minutes) waa 16.6 x 10°° e per liter. It
was derived from the radicactiva and phage counts of the Dautrebande suspen=-
sions at 12k minutes, fluid atomization rate, air flow rates for generation
and mixing, and aeroso}l chamber volume, The effective radiclogical aerosol
concentration was 8 mean of the actual total sampler recoverles. Total
sampler (test + backup) recovery averaged 6.3 x 1079 e per liter feor the
five triels at each of the three relative humidities. Therefors, about
609, of the aerosol was physically lost on passage through the apparatus.

i,
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TABLE 1, EFFECT OF AEROSOLIZATION AND SAMPLING ON THE VIABILITY OF TJ PHAGE

Radicactivity, 10*° Phage/nml viability,
uc/ml per cent
Dautrebande Dyp’ 0 Time Lo 15.5 100
Aerosol 12% min 12 10.0 54
Generator®/ 25 min 14 6.3 29
Aerosol cha:be7 10°° Lc/liter 10® phage/itter
Theoretical™ 16.6 138 No basis for
Effectived/ : 6.3 52.5 determining
Saxplers Samplers Samplers
Tast Saqgleri/ A.RE . - Test Backup Test Backup ast Backu
All-Glaas a0 3,3 3.0 2.3 0.73 8.4 2.9
Icpinger (AGI-4) 55 4,0 2.3 2.9 0.55 8.6 2.7
. 85 b.b 1.9 0.89 0,30 2.4 1.9
Caplllary 30 3.3 3.9 2.3 A,51 8.4 2.0
Izpinger 55 3.6 2.9 2.8 .50 3.8 2.1
» 85 3.8 . 2,5 0.87 9,34 2.7 1.6
Typs 6 Filter 10 €3 (0.000%¥ 1.2 0.0006 2.3 (5ye/
Papar 55 5.3 {0,001) 2,1 0.0013 4,1 (10)
85 - 6,3 (0.004) 0,70 0.0006 1.3 €2)
110684 Filter 20 6.0 - (<0,0006) 0.23 0.0006 0,5 >18)
Paper 53 6.0 (<0.0006) 0,34 0.0003 0.7 3
-85 60  (0.002) 0.27 0.0003 0.5  (2)
Fritted Bubhler 30 1.2 5.1 0.56 0.42 5.6 1.0
{coarse porosity) 55 1.2 5.1 C.51 0.42 5.1 1.0
85 1.1 5.2 0.28 0.49 2.9 .9

a. Means of 13 aerosol trials, - .

b. Besed eon radicactive and phage counts of Dautrebande suspension at 12% minutes,
flow rates of suspension and air, and chamber voluma,

¢. Based on the actual total (tost + backup) radicactive recoveries of all
sazplers, excopt 110€EH, frow the 15 trials.

d. Means of 5 trials with 2 samplers per trial.

e, Approximate values bused on additional tests of Table 3 that were not assayed
for phage.
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TABLE 3. SLIPPAGEZ/ OF RADIOACTIVE SUBMICRON T1 PHAGE
AEROSOLS THROUGH TYPE 6 AND 1106BH FILTER PAPZRS

AT 30, 55, AND 85% RELATIVE RUMIDITY

Tasat

Flow Rate, Relative Physical

Filter®/ liter/min Humidity, % slippage, %
Type 6 1.0 30 0.02

55 0.02

85 0.07
110688 1.0 30 <0,01

55 <0.01

85 0.03

a, Each value represents mean of 5 samplers.
b, Test filter activity: 7 x 10> counts par minute,

C. PHAGE AEROSOL CONCENTRATIONS

The phage concentrations (Table 1) in the serosol chamber were calcu-
lated from the radiological mezosol concentvations and the ratioc of phage

tc tracer a/x in the Dautrebande suspension at the midpoint of the sampling

period (t = 124 minutes) according to the formula A e X(a/x), where X is

the radivivgical

aerogol concentration” {theoreticval or efféccivq;tnd‘éfx

is the ratio of phage to tracer. There was no basis for determining the

viability of the
decay (death); th
to be available {

phage aerosol, Phage aerosols are subhject to biological
erefore, the number of living phage particles expected
n the aerosol for sampling was unknown, but must be less

than 52.5 x 10° ver liter.

D. KILLING OF PHAGE BY THE SAMPLERS

There was con
Viability refers
remainsg viable,

for 11 phage and was calculated from the ro.io of phage to tracer in the

siderable destruction of phage by the samplers (Table 1).

to the fraction of phage collected by the samplers that
It is & measure of the destructiveness of the samplers

sampler and the ratio of phage to tracer in the Dautrebande suspension at

t = 12k minutes:-

viability =

Sampler phage count/Sampler radicactivity
Dautrebande phage count/Dautrebande radiocactivity
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Obviously, this did not compensate for loss of the phage aerosol dus to
biological decay (death), but gives a basis for comparing sampler kill,

The high~velocity impingers, AGI-4 and capillary impinger, were the least
destructive, followed by fritted bubblers, Type 6 filter paper, and L106BE
filter paper., Sampler kill was highest at 85% ralativa humidity and lowest
at 55% relative humidity. The 1106BE filter papesr was much more destructive
than Type 6 filter paper, :

E. RELATIVE VIABLE SAMPLER COLLECTION EFFICIENCY

Relative viablé,collection efficiency (Table 2) was baszed on the phage

“essay of test samplers snd expressed as 4 percentage of the raference

sampler, AGI-4, as given by:

Relati b £l Eeac samgler;
elative viabla efficiency = ToTeh

< b= >

The high-velocity impingers, AGI-4 and capillary impinger, gave the higheat
viable recoveries, followed by Type 6 filter paper, fritted bubblers, and -
1106BH filter paper. Both types of filter paper improved with &n increase
in aserosal relative humidity, but Type 6 was superior to 1106BH papér for®
viable collection, Viable recoveries vere higheat at 55% :elative hpmidicy
and lowest at 857 relative humidity. .

¥. SAMPLER PHYSICAL SLIPPAGE

~ Physical slippage (1rable’ Q)Zﬁiilﬁiaéi’ﬁn‘fﬁ“friﬁfﬁtcgitxf:itii?:ﬁf:tatt* ==

samplers and backup filters as given by:

Backup fllter \
Backup fliter + teat aampler\\

Physical slippage =

The high~velocity impingers, which are widely used for mi&?on-aized aeroaola
such as bacteria where slippage is less than 1%, were not éfficient phyeical
collectors of submicron particles., Impinger slippage decredsed with an
increage in aerosol relative humidity; presumably because a“ the change in
acrosol particle size with relative humidity. Howaver, the differences in
particle size at the threa aerosol relative humidities wers small, The
fritted bubbler, a sampler designed to collect particlies by the diffusion
principle, was the poorest submicron sampler, in that physical slippage

was greater than 807.
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G. SAMPLER VIABLE SLIPPAGE

Viable slippage (Table 2) was based on the phage assay of test samplers

and bdckup filters as given by: .
Baékup fiiter

Backup filter + teat sampler

Viable 51ippaga -

_As expected, viahle slippage was lesa than physical slippage bacause backup
filters (Type 6 paper) as well as the test samplers themselves are destruc-
tive to phage. For both types of impingers viable slippage was lowest at
©55% relative humidity, The viable slippage parameter, although it is an
obvious way of presenting the data, is not wvery useful; the other parameters
are more meaningful {n deseribing -sampler- perfermance.

H. FILLER PAPER PHYSICAL SLIPPAGE
T e L Ihe filter. papers were the mﬂlt efficient aamplers for the physical
"~ collection of submicroa serosols {Table 3), but finite slippage values
were not obtained because backup recoveriés were {ndistingulshable from
. background vadiarion. Additional tests, shown in Table 3, were conducted
< 7 using wuch higher effective radislogical concentrations in an attempt to
.. -obtain finite values. The fllter pagers were not-assayed for phage in
’ .these tests, The effective aerssol concentration was ingreased 120 timas
by increasing the sampling period to 150 minutes and suspending the filters
in-a saaltey volume (25 ml) of fluid, but again backup recoveries were low,.
_(Ome aerosol &ri:l was conducted at each relative humidity, using five samplers

of each filter paper per trial, Finite slippage values are shom only where
backup fiiter recoveries were significantly ahove background, Both filter
papers vere very efficient for submieron particles but 1106BH was superior
to Type & paper fer physical collection, 8Slippage was highest for both
papers at 85% relative humidity, :

Not all the radioactivity was removed from the 1106BH fflters by shaking.
The 110680 paper does not disintegrate into pulp as does Type 6 paper, and
recoveries were alightly lower than the total or actual radicactivity, This_
was demonstrated by centrifugation techniques invéiving the analysis of the
supernatant fluid and sediment and in the sampling trials (Table 1), where
1106BH filter paper recoveries were 95% of Type 6 recoveries, which, by the
same techniques, were shown to be representative of the total activity,
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I, AFEROSOL PARTICLE SIZE

Aerosol particle size wag adequately described by a log=-normal distri-
bution. The particle sire parameters of radicactive T1 phage aercsols at
30, 55, and 85% relative humidity are shown in. Table 4, Typical results
are shown in Figures 3 and 4, Pigure 3 is a graph of the 357 relative
humidity aerosol of Day 1, showing the cumulative percentages by number
and by maas plotted againet particle diameter on log probability paper.
The madian diameters (350% intercepts) are 119 - NMD and 172 my MMD,
Figure &4 {8 an electron micrograph of this aerosol, Differences between
the particle sire paramstera at the three relative humidities were small
but the particles were slightly larger at 85% relative humidity,

A radicactive tracer was used in this study to follow both the physlcal
{rediocactive) and viable presence of the aerosol particles. However, thare
was a deviation from this concapt because, while all the aercsol particles
were radiosctive, a small percentage of the aesrosol particles wers smaller
than the size of & single phage particle, In sizing the aercsols from - |
electron micrographs it waa not possible to distinguish phage-bearing
particles from empty particles, but all particles were measured; therafore,
only the total or physical aerosol partiele size was determined, FPhage
apsays &re & function of the number of particles and radiological assays
are a function of mass, Inspection of the NMD graphs reveals that less
than 5% of the aexosol particles were smaller than a single phage particle
(60 ou diameter). Therefore, many of the aerosol particles contained mora
than one phage particle and disintegration of phage clumpa by the samplers
cculd be A possible cause of sampler differences for viable collaction,
However, not all of the seroscl partieles larger than 60 m: contained

- phage, beeause aernsnl partirle size i ralated to the amount of solid

material in the Daatrebande suspension and it cannot be assumed that all
of the oxtraneous material was removed from the phage suspensions by the
purificetion process. The 60~my intercept of the MMD graghs was less than
0.2%, 1,8e,, the fraction of the total aerosol radioactivity assoclated '
with the known empty particles was lass than 0,2%. -
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IV, DISCUSSION

All of the samplers tested were partial collectors of viable submicrom
phage aerosols, Viable collection, unlike physical slippage, is specific
for T1 phage and is & function of both the physical and biological properties
of the serosol, Sampler diffarences for viable collection were attributed
to incomplete physical collection (alippage) and destruection (death) during
the sampling proceas, Other possible causes beliesved to be of less impor-
tance are distntegration of clumps by the sampler and reteatiom in the
sampler, e.g., inabllity to remove particles completely from 1106BH filter
paper, Physical slippage and disintegration are related to the serosol -
particle sire. Destruction may also be a function of particle size,
Physical slippage was quantitated but it was not possible to distiaguish
between destruction and disintegration because (1) phage aerosols are sube
jeect to blological decay, therefore the viable serosol cvoncentration at
the moment of sampling was unknown, and (ii) radiolegical asssys ars a
function of mass and not the number of particles; therafore, thay do mot
reflect breakup of clumps. However, there was strong but &ndirect evi- -
dence of phage destruction by the samplers and phage inactivation by the
Dautrebande generator was prived. The high-velocity impingers, AGI<4 and

- capiilary impinger, gave the highest viable recoveries but allowed con=

s{derable slippage: Impinger physical slippage varies Ilnversely with
relative huo’dity, presumably because of changes in particle size with
relative humi..ty. However, the particle size differencas at the three
relative humidities were small, indtcating that {mpingar slippage is
extremely sensitive to changes in the slze of submicron particles,

Type 6 filter paper is virtually a complete physical ccllector of sub-
misoon papticlas but cawnot, in a _srrict menge, he classified as a

representative sampler because destruction may be a function of aerosol
particle sire.
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13 ABSTRACT

» “Liquid impingers, .filter papers, and fritted bubblers were partial -
viable collectors of radioactive submicron T1 bacteriophage aerosols at
30, 55, and 857 relative humidity. Sampler differences for viable collec-
tion were due to incomplete physical collection (slippage) and killing of
phage by the samplers. Dynamic aerosols of a mass median diameter of 0.2
micron were produced with & Dautrebande generator from concentrated aqueous
purified phage suspensions containing extracellular soluble radiocactive :
phosphate as a physical tracer. There was considerable destruction of
phage by the Dautrebande generator; phage titers of the Dautrebande sus-
pension decreased exponentially but there was a progressive (linear)
increase in tracer titers. Liquid impingers recovered the most viable
phage but allowed considerable (30 to 487) slippage, which varies inversely
with the aercsol relative humidity. Filter papers were virtually complete
physical collectors of submicron particles but were the most destructive.
Fritted bubbler slippage was more than 80%. With all samplers, phage kill
wvas highest at 857 relative humidity and lowest at 557 relative humidity.

An electrostatic precipitator was used to collect aerosol samples for
particle sizing with an electron microscope. The particle size was
slightly larger at 857% relative humidity than at 30 or 55% relative
humidity.
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