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“Indeed, for a given magnitude of aumospheric exposurce
to a potentially toxic particulate contaminant, the
resulting hazard can range all the way from an insigni-
ficant level to one of great danger, depending upon the
size of the inhaled particles and other factors that de-
termine their fate in the respiratory system, ” :

£ g b nins s

‘Theodore Hatch and Paul Gross from the introduction
in Pulmonary Deposition and Retention of Inhaled
Acrosols, Academic Press, No Y. 1974, pg. 2.

INTRODUCTION

D b St

The respiratory tract is both a portal of catry and a target for ¢cn-
vironmental air pollutants.  In an industrial socicty vast numbers of people
are exposed occupationally and more generally, cnvironmentally, to a vari-
cty of dusts, fumes and other acrosols which may produce lung discasc.
Particulate toxic agents include asbestos, silica, metal fumes, infectious
agents, acid mists, fibrous glass, and in the nuclear industry, radioactive
acrosols, Important considerations in assessing inhalation hazards include
the biological status of the exposed individual and the chemical and physical
characteristics of the acrosol. Factors related to particle size that influ-
ence the toxicity of inhaled acrosols in humans include mass per particle,
acrodvnamic bchavior, ratc of dissolution in tie lung, cfficiency of uptake
by macrophages, and the ability of particles to penetrate biological membrancs,

PR b 1 1 e ] 4 o

T T g o A R B s

A

R

*Research supported by the National Institute of Environmental Health Sciences
(NILHS) via AEC Contract AT (29-2)-1013 with l.ovelace Foundation,

R ot e A 2 0 W

—
VT Bt (0 e

1. e,«'wssa

o
RO

=




A

it

o

e

AMRLU-TR-74-125

ALEROSOLS

An acrosol is a relatively stable suspension of small, solid parti-
es or liquid droplets in a gas, Only a smooth, spherical particle or
‘*upki can be conveniently desceribed by a unique geometric diametcer,
Since acrosols of =olids mzd\ consist of smooth, spherical particles,
com cations for particle diameters are defined which are usually based
upon available measurement techniques.  For example, the size of a par-
ticle may be described in terms of its projected area diameter, some de-
fined as the geometric diameter of a circle which has the same arca as the
two=dimensional oudine of the particle lving on a collection surface.  Gther
conventions for describing phvsical size can be based on measurements of

scatterad light, surface area, clectrical mobility or other physical or chem=

ical pheromena,  Methods for physical sizing of ‘acrosols have been discus-
sed oy Raabe (1970) and by Mcereei (1973).

Becausc important inertial properties of particles, such as scttling

specd or ability to turn corners in a mov ing air strcam, d;pcmi on factors
=uch as density and shape in addition to phvan,al size, it is often uscful to
describe particles in terms of an acr ‘odynamie (cquiv. -alent) diameter.  The
acrodynamic (equivalent) dianicter which is usually used in inhalarion toxi-
Lglog_\ is the geometric diameter of a spherical partxc,lc of unit density
material (# = 1 g em®) which has the same settling veloeity (in still air)
as the particle being deseribed.  Two particles having markedly different
densities or shapes may vary considerably in phyvsical diameter but have
the same acrodvnamic diameter.

For particles larger than about 0.5 micrometer (um) in physical
diameter where inertial and gravitational forces dominate particle motion,
the acrodynamic diameter can be used to predict particle deposition in the
respiratory tract. Below abowt 0.5 ym the particle size is approaching the
mean n"u -path between collisions of air molecules, and diffusional forces
tend to minate the particle motion and the physical diameter of the par-
ticle corrclates more closely with acradyvnamic behavior, and should be
uscd when considering particle motion,

Since individual particles in a given acrosol usually vary widely in
sizc, statistical descriptions arc often used to describe acrosols.  For
example, acrosol size distributions may be described by a mean physical
or acrodynamic diameter and the associated standard deviation (or by a
median diamcter and geometric standard deviation).
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INHALED PARTICLL DEPOSITION AN CLEARANCE

Inhaled particles may deposit on the various surfades of the respir-
atory traci,  The Task Group on Lung Dvnamics of the Interpnational Com-+
mission on Radiological Protection has proposed a general miodel uscful in
estimating the potential hazards associated with inhaled acrosols (Task
Group on Lung Dvaamics, 1966), This model includes estimates of both
the fractional deposition of inhaled particles wish respect to acradynamic
size, aud clearance of deposited particles from the respiratory tract with
respect to deposition region and basic garticic properties.  The model
divides the respiratory tract into three regioits based upon anatomical fea-
tures and particle deposition and clearance phcnomena.  The regions,
called (a) the nasopharyax (NP), (b) the traciobronchial region (I'B) and
(c) the pulimondfy or parenchvmal region ('), arc referred to in Figurc 1.

_COMPARTMENY _DEPOSITION CLEARANCE _ PATHOLOGY __ -
SIS impiction muco-ciliary inflamation
w o diffusion {mimites) ulceration
Nisal Pharynyésl | intérception sneezing cancer
e . .} €lectrostatic blowing
— impaction muco-ciliary broacho-pasi-
8 sedimentation (hours, longer?)  obstiuction
Tracheobronchial diffusion coughing cancer
2 e interception S
1 e o - solubilization inflamation
3 sedimentation phagocytosis ecema
P diffusion interstitial emphysema
E Parenchyma? interception (hoirs to years) fibrosis
= i cancer

LA O

Figure 1. Compartmental model of the respiratory tract as used by the

‘Task Group onlLung ynamics of the ICRP (1906) with the airwavs from

- nos¢ to larvax in the NP (nasopharvngeal) region, the trachea and ciliated

3 bronchi and bronchioles in (he (tracheobronchial) region and the nonciliated
bronchinles, alveolar ducts, alveolar sacs, atria and alveoli in the P
(parenchymal or pulmonary) region. The types of particle deposition,

" ¢learance and potential pathology are summarized for cach.
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‘The nasopharsnx (NP) begins at the anterior nares and includes the
respiratory airway down 1o the level of the larvox. Particle deposition in
this region is primarily limited to the larger parndcs whosc incrtial pro-
perties cause impaction in the nasal passages or entrapment by nasal hairs,
Two pathwayvs, both having a half-time of 4 minutes, arc used by the Task
Groujr to describe the clearance of particles which deposit in the NP com-
partineni. The first describes uptake of relatively soluble material into the

bload, while the sccond represents physical clearance by muco-ciliary trans-

port to the throat for subsequent swallowing.

Ixper nm ntal data indicate that the anterior one-third of the nosce
where 807 of 7 gin particles deposit, does not ¢lear except by blgwm_g,
wiping or other oxi rinsic means (Walsh, 1970: Procior, 1971) and effective
removal of insoluble particles may require onc 1o two davs. ‘The posterior
portions of the nosce have muw\,ﬂmr\ clearance, with clearance half -times

of about 6-7 hout (Morrow, 1972).

‘The tracheobroachial region (TB) begins at the larvax and includes
the trached and the ciliated bronchial airwayvs down to and including the
terminal bronchioles. A relatively small fraction of all sizes of particles
which pass through the NP region will deposit in the tracheobronchial region.
‘The mechanisms of inertial impaction at bifurcations, sedimentation and,
for small particles, Brownian diffusion cause TB deposition.  Interception
can be an important deposition mechanism for fibrous dusts. In mouth
breathing of acrosols, such as in cigarctte smioking, the bencfits of the col-
lection of larger particles in the nose arce lost and these larger particles
tend to depesit in the TB region with high officicacy.  An important charac-
teristic of the TB region in the Task Group model is that this region is both
ciliated and equipped with mucous scereting clements so that clearance of
deposited particles rapidly occurs by muco-ciliary action to the throat for
swailowing. Again, rclatively soluble material may enter the systemic
circulation.

The rate of mucous movement is slowest in the finer airwavs and
increases toward the trachea,  Since particles depositing in the trachco-
bronchial trce are probably distributed differently with respect to size, with
smaller particles tending to deposit deeper in the lung, one expects larger
particles to clear more quicklv,  Clearance of material in the TB compart-
ment cannot be describad by a single rate.  TB clearance half -times from
experimental studies imply that the larger airways, intermediate airways
and finer airwayvs clear with halftimes of about 0.5 hours, 2.5 hours and
5 hours, respectively (Morrow; ct al., 1967; Morrow, 1972), It is rcla-
tively certain that material with slow dissolution rates in the ‘1B compart -
ment will not persist for longer than about 24 hours in healthy humans, The
detailed nature of the mucociliary clearance mechanism has been recently
reviewed by Schlesinger (197 3),
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The third comparunent, the pulmonary or parenchymal region (P)
represents the functional gas exchange sites of the lung, It includes respi-
ratory bronchioles, alveolar ducts, alveolar sacs, atria, and alveoli. For
;;uud;: to reach and depos. - in this region they must penctrate the NP and
TB regions on inspiration and vither by sctding or diffusion come into con- -
tact with pulmonary surfaces.  Since a portion of each breath remains un-
exhaled, the times available for deposition may be long for some particles,
Smaller particles are of primary importance in pulmonary deposition.
Clcarance from the pulmonary region is not completely understood, but the
Task Group suggests sceveral mechanisms including: () the dissolution of
relatively soluble material with absorption into thc systemic circulation,
(b) direct passage of particles into the blood, (¢) phagocytosis of particles
bv macrophages with translocation to the ciliated airways and, (d) transfer
of particles to the lvmphatic system including lymph nodes.
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The fate of particles deposited in the Pcomparuncitis strongly de-=
pendent on the mechanical stability of the particles. Particles that underdo
significant dissolution in the fluids found in the lung may dissolve while sdll
within the air spaces; inside phagocvtes or while in interstitial spaces. The
Task Group (1966) recommended the use of three élearance half-times of
30 minutes, 90 days and 360 days for i‘éadll\‘, intermediately and minimally
soluble materials, rnspanvclv AR omiitted factor in this dearance model
e Eartldc size {the 1ate of dissolution of a material in bnoi@glcal fluids
3 saig dependent on thie available surface arca of particles). At the present

-~ -<. time clearance rates for the deep lung for humans are not known for many
materials and the rates recommended by the Task Group provide a useful
guide in the absence of detailed information.
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The relative deposition of inhaled particles of various aerodynamic
diameters as Sugges sted by the Task Group for a moderate level of respi-
ratory effort is shown in ¥ igure 2, The total deposition and rhe fractional
deposition in individual comparunents are shown, The minimum total de-
position at about 0,5 pgm occurs since particles of this size are not strongly
influenced by cither inertial or diffusional forces.
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1000

i'is_uf; 2. ’ﬁic dcpoﬂ‘ri@i f mc;tioxi Of iﬂhaic déi‘()&()la of various individa‘ai
regions of thc human respiratory tmu {aasumxm. a rcspiramr\ rate of 15
per mindte and a tidal volume of 14530 cm®) as recommended by the Task
Group on L.ung IXnamics of the ICRP (1966),

TOXICITY AND PARTICLE SIZE

Particle size influcnces the toxicity of inhaled acrosols for a variety
of reasons: fa) particle size affects the mass per particle and might there-
force be expected 1o affect potential for hazard: (b) as described, the site of
deposition within the respiratory tract as well as the clearance pattern is,
to a great extent, influenced by acrodyvnamic size: (¢) smaller particles
have L.rgu' surface-to-mass ratios and thercfore are more active with
respect to chemical or physical interaction and rate of dissolution: (d) rate
of phagocvtic uptake mayv vary with particle size: and (e) particle size may
influcnee the penctration of particles through membrances of the lung,

(a) Particle Mass

The 1otal mass of material deposited in the respiratory tract
is usually inportant in determining the potential toxicity for an inhaled
acrosol. Henee, the deposition of a few particles that have a large mass
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per particle mav be more important than the deposition of numerous particles
wat are s ach snmll in mass. ‘This fact is particularly relevam because the
mass p - yarticle for acrosols in the respirable size range can vary over
many ot s of magnitude,  For example, since the mass of a sphcncal par=
Lele is proportional 1o the cube of the geomeric diameter, 1000 particles of
0.1 gm diameter must be deposited in the lung to equal the mass burden from
the Jdepositia of bur a single | gm diameter particle.

When particles of different individual masses are deposited in
the respiracery tract, the number of cells which each dircctly affects may
vig. significantly wiri réspect 1o mass per particle (d;pf’ndmg upon the mech=
ani=~: and range of influcnce). A given amount of mass deposited in the res=

pira v rvact may be distributed among numerous small particles or among
e s 1. ge particies and the effect on overall toxicity of these different sit=

w - ay not be readily appareit. These conalderaaons arc probably léss
impoi tant for rapidly dissolved material that is i the particulate state only a

bricf time, and inost importait for miaterial that is resisiant to dissolution in:
the lung.

The casc of relauv;lv insoluble radicactive parudes of aipha
cmitting materials deposited in the pul-ngnar\ regioh provides a timely ex-
ample.  Since the major dircer effect oi the particles on the surroundmg cells
relates 1o the alpha cmissiois, each acrosol particle irradiates a small sur=
founding volumc of the lung. It can be argucd that a given mass burden in the
lung distributed among a fow massive partxdcs is less carcinogenic because
the number of cdlls at risk is limited and those that are irradiated may in fact
be over-irradiated and in effect sterilized, preventing development of neoplasia.
On the other hand; it can also be argued that the distribution of the lung burden
in larger particles is more hazardous because of the large local radiation dosés
received by cell surrounding the particles, and it is 2ss hazardous to have
smaller radiation doscs which are associated with smaller partu.!cs {even
though morc cells arc irradiated).  ‘This so-called "hot particle” question
bears on the environmental impact of a nucléar technology and is currently
being studicd by many investigators.,

(b) Acrodvnamic Properiics

Types of solid particles that can be identified with respect to
their shape and conconiitant acrodynamic character include: - relatively glob-
ular particles that tend to approximate spherical shapes; plate-like or flat
particles; long, thin particles or fibers; and clusters or agglcmcrates of par-
ticles, For relatively spherical particles of a given aerodynamic diameter,
higher density particles have lower total mass, Hollow, or- spongy particles
of a homogencous matcrial will thercfore have more mass per particle for a
given acrodynanmic size,  Differences in toxicity with respect to particle
density have not been demonstrated.
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Fong, thin fibers have acrodynamic diameters nearly inde-
pendent of their length up e o length ~to =diameter ratio of about 20 (i ‘imbrell;
1972: Meéreer, 1973) Por this raison asbestos fibers containing considerable
mass can behave like smaller parti ‘es acrodvnamically and penctrate deeply
into the lung,  This offcc: 1s emphasized by the many cases of pulmonary
asbestosis from the asbosios industry.

A pazuu.u wrly interesting acrosol in industrial toxicology, the
metal fume, conesis o hain-like ds{t‘JUmuldiLs of particles smaller than
0.1 gns (Vigure B), Eaireme toxicity is known to be associated with the in-
halation of metal furies.  This may be due to the relatively large surface
arva assceiated wiih a given mass of fume acrosol.  The acrodynamic drag
on the large surfaces of fume particles allows them to follow airstreams and
escape impaction in the NP and B compartments. \s in the case of the
asbestos fibers, the ability of metal fume particles to penetrate to the deep
lung widoubtedly contributes to their hazard,

() Surfiace

N

rea

Two categorics of toxic particulate materials can be identified
with respect to mechanism of togicity. Matcerials such as asbestos and quartz
that are hazardous as solid pariicles, appear to have toxic shape or surface
characteristics,  Pneumoconiosts in general arce caused by the presence of
imact particles, Other materials like Pb and Mn probablv require dissolution,
or at least some form of transformation from the original particle. in order
to be toxic (Hatch and Gross, 1964), Fov both categories of particulate mate-
rials the specific surface, or surface-tomass tatio, affects their toxicity.

The surface<to-mass ratio for smooth spherical particles is cqual 10 670D,
where o is the physical density and D the geometric diameter,  One micrometer
diameter unit densin particles have a specific surface of 6 m® g, while 0.01 ym
particles have an arca of 600 m* g, ‘The increased toxicity of finely divided
silica, discussed by Hatch and Gross (1964), appears to redate to inercased
surface arca.  The mechanism for toxicity appears to involve a tissue reaction
to the particle surface.
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A model for dissolution of particles in the P compartment that
corrclates well with experimental data on deep lung clearance has been pro-
poscd by Mcreer (1967),  The model assumes a rate of dissolation that is
proportional o the avalable surface arca of the particles,  For materials
that are toxic when dissolved, increasced surface arca tends to enhance tox-
deity,  The dissolution of silver particles (mass median diameter = 0, 04 ym)
in various aqucous media indicates that even a so-called "insoluble™ matcerial
can undergo rapid dissolution when in a fincely divided state (Cigure 4),
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Figurc 3. Llcctron micrograph of a sample of a mctal-fume aerosol. The
small, spherical primary particles, silver in this case, cluster to form

branched chain<like agglomerates.  Such agglomerates have large surface-
lo-mass ratios, can remain suspended in air for long periods (due to viscous
drag) and can undergo rapid dissolution in the body. From Phalen (1972),
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THE DISSOLUTION OF SILVER PARTICLES
19 - IN VARIOUS SOLVENTS

i
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Bl R B

ugm IN SOLUTION / cm? SURFACE

iU R

MINUTES

= Figurc 4. Dissolution of matallic silver particles (count median diameter =
0.03 gm) in various aqucous media given as ugm dissolved per em® of par-

4 ticle surface for various times up to 120 minutes. Gamble's interstitial fluid
recipe with and without protein (bovine albumin) and disi "o | water were uscd.

The increased rate of dissolution with protcin present is prouably due to the

; binding of silver ions to proteins. ‘The silver particles used in this study are
1 shown in Figurc 3. From Phalcn (1972).
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On the basis of the dissolition rate found in the protein containing fluid,
Mercer's model predicts that these silver particles should essentially com-
pletcly dissolve in the lung in about 48 hours (Phalen, 1972), Systemic tox=
icants can Lo expected to be more rapidly dissolved and hence more hazardous
when deposited in the lung as small particles,

d) Other Size Dependent FFactors

Aside from the influence of particle size on magnitude and dis-
tribution of dose, dcposition pattern and dissolution rate, therc are other size-
related factors that may bear on toxicity. An optima! particle size of 1.5 ym
for cfficient uptake or polv tyrenc sphercs by macrophages was suggested by
Holma (1967). Holma (1967) gave an upper limit of 8 ym diameter for phago-
cvtic uptake. The question of reclative efficiency of uptake by macrophages
of the lung for particles in the respirable size range (about 0.01 to 10 pm) is
worthy of futtlier investigation.

The permeability of alveolar méibranes to bare particles has

been reported by Gross and Estrick (1954) and more récefitly by Tucker et al.

(1973). In the carlier study fats were given small caibon parﬁcles (0.2 @)
by intratracheal injection. Ninctéen hours later the particles were fouind ex=
tracclluiarlv in interstitial spaces; considered by the authors to bé proof of
meimbrane peictration by bare particles. In Tucker's experimeénts carminé
particles ranging from about 5 pin down to below 0.05 ym in diameter weére
inhaled by rats. At 3 hours post mhalatzon, microscopic examination revealed

“small aggregates, up to cell size” in the extracellular interstitial spaces.
Particulate material in the interstitium would presumably cither remain, dis-
solve, undergo transport to lymphatic or blood vesséls or réturn to the res-
piratory airway. The presence of interstitial forcign material for prolonged
periods may lead to lung discases. The role of particle size in membrane
penetration is not vet well understood.

SUMMARY

The particle size distribution of inhaled acrosols is a factor in pul-
monary toxicity for scveral reasons. Among those discussed are the relation-
ship between particle size and amount of toxic agent per particle, the influence
of acrodvnamic and rcal size on the regional deposition within various anatom-
ical rchons of the respiratory tract and the cffect of both deposition site and
particle size per se on clcarance kinetics. The role of particle size in the
assessment of environmental hazards is one that is increasingly being realized
as important,
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