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ABSTRACT 

Par t i c l e  s i z e  d i s t r ibu t ion  i s  an important parameter with 

respect  t o  the deposit ion behaviour of inhaled aerosols and 

must be viewed as a dynamic var iable  changing during the passage 

through the humid and warm environment of the respiratory t r a c t .  

I t  i s  suggested tha t  s tudies  of p a r t i c l e  growth r a t e  and the  

formulation factors  a f fec t ing  it are  necessary for  a r a t iona l  

design of inhalat ion aerosols.  Absorption and metabolism of 

drugs by the lung are  a l so  b r i e f l y  reviewed and compared t o  the 

s i t ua t ion  following gas t ro- in tes t ina l  administration. Possible 

advantages offered by the inhalat ion route a re  discussed. 

INTRODUCTION 

Biopharmaceutics may be defined as the  study of the  fac tors  

influencing drug release and subsequent absorption of an ac t ive  

pr inc ip le  from a pharmaceutical formulation. The presentation 

of a known dose a t  the s i t e  of absorption i s  of ten a t r i v i a l  
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GONDA AND BYRON 244 

problem. This is not the case with inhalat ion aerosols.  I t  is 

necessary t o  f i r s t  deposit  the drug within s p e c i f i c  regions of 

the respiratory t r a c t  before the biopharmaceutics of the dosage 

form may be s tudied.  An adequate discussion of the fac tors  

influencing the ef f icacy  of a drug presented as an inhalat ion 

aerosol must therefore  include the processes preceding the 

release of t he  ac t ive  pr inc ip le .  The b io logica l  response 

e l i c i t e d  by drugs released from aerosols (whether systemic o r  

loca l  1 may depend c r i t i c a l l y  on t h e i r  s i t e s  of  deposit ion.  

Direct evidence regarding this matter i s  sparse i n  view of the 

2 technical  d i f f i c u l t i e s  involved ; i n  some instances ,  however, 

3 ( the  e f f e c t  of inhaled al lergens ) the p ic ture  is more def in i t ive .  

Assessment of the therapeut ic  importance of local ized deposition 

i s  par t icu lar ly  d i f f i c u l t  i n  s tud ies  with bronchodilators where 

the pharmacological response is  a complicated function of 

deposit ion,  t ranspor t  i n  the resp i ra tory  t r a c t ,  absorption and 

2 dose-response relat ionships  . Whereas it i s  c lear  t ha t  

inhalation aerosols  must penetrate  the resp i ra tory  t r a c t  (RT) 

a t  l e a s t  t o  some depth t o  f u l f i l  t h e i r  therapeut ic  ro l e ,  often 

more information i s  required about the s i t e s  of act ion before 

attemptscan be made a t  t a rge t ing  t o  a pa r t i cu la r  region . 
ultimate benef i t  t o  the pa t i en t  i n  terms of reduced s ide-ef fec ts  

with, f o r  instance,  bronchodilator 

therapy i n  resp i ra tory  disease would appear t o  warrant 

more e f f o r t  i n  t h i s  area. 

1 

2 The 

4 1 7  o r  a n t i b i o t i c  2,4,5,6 

It has been suggested t h a t  the almost 
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INHALATION AEROSOLS 245 

t o t a l  absence of inhalat ion aerosols intended fo r  systemic 

action is probably due t o  the general lack of knowledge about 

the deposition of pharmaceutical aerosols . 8 

DEPOSITIQN OF AEROSOL PARTICLES I N  THE RESPIRATORY TRACT 

A s  a r e su l t  of the tor tuos i ty  of the respiratory airways, 

the pa r t i c l e s  (or  droplets)  must have an equivalent o r  mean 

aerodynamic diameter D 10pm t o  reach the tracheo-bronchial and 

pulmonary regions" lo. Large pa r t i c l e s  are  deposited rapidly i n  

the upper pa r t  of the RT by i n e r t i a l  deposition, and t o  a 

smaller ex ten t  a t  the branching points  

tract''. This process is  sens i t ive  t o  

r a t e  of inhalat ion and geometry of the 

i n  the lower pa r t s  of the 

the mode of administration, 

sub jec t ' s  naso-pharynx . 9 

Solid pa r t i c l e s  deposited i n  t h i s  region are  most l i ke ly  t o  be 

car r ied  rapidly upwards by the c i l i a  so t h a t  they subsequently 

en ter  the gas t ro- in tes t ina l  t r a c t  (GIT) . In the case of 

solut ions,  d i r ec t  absorption competes with t h i s  process 

The depth of par t icu la te  penetration increases with a reduction 

in  p a r t i c l e  s ize .  However, t h i s  i s  not  pa ra l l e l l ed  by a 

monotonic increase in  pulmonary deposition: pa r t i c l e s  i n  the 

intermediate range ( 1 . 0 . 5 ~ )  are  su f f i c i en t ly  small t o  form 

"stable"  aerosols which w i l l  be car r ied  t o  the alveolar  spaces 

by bulk motion of gas bu t  they are ne i ther  large enough t o  

deposit  by gravi ta t iona l  sedimentation nor small enough t o  

diffuse through stagnant a i r  t o  the pulmonary surface12; hence, 

during normal brea th in2  they w i l l  be largely exhaled. 

8,lO 

9,10,11 

The 
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246 GONDA AND BYRON 

studies  of Palmes e t  a l .  13’ l4 have shown , however , t h a t  

deposition of p a r t i c l e s  i n  t h i s  s i z e  range can be increased 

subs tan t ia l ly  during breath-holding, a maneouvre commonly 

prac t i sed  by pa t i en t s  receiving medicinal aerosols.  Indeed, i f  

it is  assumed tha t  all p a r t i c l e s  penetrat ing beyond the 

naso-pharynx w i l l  be deposited during breath-holding, adaptation 

of the Task Group model’ fo r  non-hygroscopic p a r t i c l e s  suggests 

t ha t  as much as  95% deposit ion of l p m  p a r t i c l e s  i n  the  lower 

lung can be a t ta ined  . 8 

Thus, optimisation of deposit ion requires  the p a t i e n t ‘ s  

co-operation: slow deep breathing and breath-holding a id  

penetration and retent ion of p a r t i c l e s  i n  the  deep pulmonary 

regions’’, whereas rapid breathing should enhance i n e r t i a l  

impaction of p a r t i c l e s  with D > 0.5pm i n  the nasopharynx. 

PAIiTICLE GROWTH 

Therapeutic aerosols are presented i n  the  form of 

multi-component droplets  , o r  soluble  powders. Consequently, the 

pa r t i c l e  s i z e  d is t r ibu t ion  may be expected t o  change due t o  

condensation and evaporation during the passage of the  aerosol 

through the w a r m  and humid environment of the  respiratory t r a c t .  

This presents an addi t ional  problem to  the formulator. The 

humidity i n  the lungs corresponds rciighly t o  the vapour pressure 

above the i so tonic  t i s sue  f lu ids3  o r ,  about 99.5% r e l a t i v e  

humidity ( R H ) 1 5 .  A n  aerosol  p a r t i c l e  aims ul t imately t o  reach 

a diameter a t  which i ts  vapour pressure i s  equal t o  t h a t  of i t s  
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INHALATION AEROSOLS 247 

surroundings. This diameter i s  d ic ta ted  by the  vapour pressure 

depression due t o  the presence of solutes  (Raoult 's  law) and 

the increased escaping tendency of water molecules from droplets  

as a r e s u l t  of the Kelvin effect16.  The l a t t e r  can be neglected 

usually fo r  D > l P m  . As an example consider a " typ ica l  drug" 

as a 1: 1 e lec t ro ly t e  with molecular weight 360 Daltons, un i t  

density and dry p a r t i c l e  diameter of 5pm. Application of 

Raoult's law' shows t h a t  a t  equilibrium the droplet  diameter w i l l  

be 14pm. The poss ib i l i t y  of such a dramatic increase i n  s i z e  i s  

frequently neglected i n  formulation of and o f f i c i a l  standards 

fo r  inhalat ion aerosols . The importance of condensation growth 

for  deposition c lear ly  depends on the r a t e  of t h i s  growth. An 

ea r ly  indicat ion t h a t  hygroscopic pa r t i c l e s  grow su f f i c i en t ly  

f a s t  i n  the  RT t o  behave a s  droplets  which reach t h e i r  

equilibrium diameters during the ear ly  phases of inhalat ion came 

from s tudies  with NaCl aerosols18. 

agreement with Zebell' whose calculat ions indicated growth times 

f o r  NaCl pa r t i c l e s  with an i n i t i a l  diameter of l p m  of the  order 

of 1 sec.  For smaller pa r t i c l e s  the  growth takes place on a 

mill isecond scale .  

rap id i ty  of condensation growth. I t  is  thus unlikely t h a t  

' i n  v i t r o '  lung modelsll may reveal much about the r e a l  

behaviour of aerosol  particles unless the  environmental 

conditions i n  the resp i ra tory  t r a c t  a r e  simulated . Some 

1 7  

8 

These r e su l t s  were i n  

More recent  experiments2' confirm the 

8 

authors prefer  t o  calculate  correct ions f o r  the model deposit ion 
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248 GONDA AND BYRON 

21 data  obtained under ambient conditions . I t  should be added 

tha t  coagulation, which may a l so  contr ibute  t o  the  dynamic 

changes i n  p a r t i c l e  s i ze  d i s t r ibu t ion ,  i s  a f fec ted  by the  

diffusive mass t r a n s f e r  between the droplets  and the surrounding 

gas . 22 

Byron e t  a1.' placed a cascade impactor i n  a c l imat ic  

cabinet a t  37OC, and followed the  changes i n  aerosol  deposit ion 

as a function of RH. Instead of p a r t i c l e  s i z e  ana lys i s ,  they 

chose t o  study the changes i n  drug d i s t r ibu t ion  between 

d i f f e ren t  droplet  s i z e  f rac t ions .  This enabled them t o  overcome 

the  problem of d i f f e ren t  growth rates of drople t s  of d i f f e ren t  

s izes .  Separation by the  impactor occurred within the t i m e  

range 1 t o  5 seconds a f t e r  aerosol  generation. They calculated 

the dose f r ac t ion  contained below a " therapeut ic  l i m i t "  of 

5um when the drople t  environment w a s  maintained a t  d i f f e r e n t  

r e l a t ive  humidities.  The inves t iga t ions  showed t h a t  dramatic 

changes occurred i n  the  dose f r ac t ion  contained i n  drople t s  

below 5um equivalent  diameter when RH was varied between 40  and 

100% fo r  propylene glycol:  water and dry powder aerosols .  

I n t a l  @, a powder mixture of sodium cromglycate  and lac tose ,  

showed t h a t  only 3% of the ac t ive  p r inc ip l e  ex is ted  as p a r t i c l e s  

of D < 5um a t  RH = 99% compared w i t \  40% a t  RH = 85%. 

Droplet growth rates depend s t rongly on the f l u i d  dynamics 

of the  aerosol17, and t h i s  i s  known t o  vary from a turbulent  t o  

a laminar regime as one passes from the mouth to t he  highly 
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INHALATION AEROSOLS 249 

branched regions of the RT23. 

affected d i r ec t ly  by the  nature of the airflow and indi rec t ly  

by its e f f e c t  upon the growth of individual droplets.  

Experimental and theore t ica l  information on the 

Deposition m u s t  therefore be 

physicochemical behaviour of multicomponent polydisperse 

aerosols does not e x i s t  a t  present.  In te res t ing  phenomena may 

be expected t o  r e s u l t  from inclusion of surface act ive materials; 

the th in  films which they form around the  droplets  have been 

found t o  r e t a rd  droplet  evaporation r a t e s  by several  orders of 

magnitude . Condensation, however, cannot be regarded as 

a simple reversa l  of evaporation because surface adsorption 

25 ra ther  than diffusion through the fi lm could be rate-determining . 
There i s  some evidence tha t  the hydrophobicity of t he  surface 

can a f f e c t  droplet  growth by condensation . Further research 

i n  aerosol  formulation may w e l l  make a subs tan t ia l  contribution 

t o  the  control  of t h e i r  deposition within the respiratory t r a c t .  

17,24 

26 

DRUG ABSORPTION AND METABOLISM IN TI-E RESPIRATORY TRACT 

Although a var ie ty  of drugs were found i n  the systemic 

c i rcu la t ion  following inhalat ion therapy' , quant i ta t ive  data on 

drug absorption from the RT have appeared only recently.  

Schanker and co-workers have been involved in  a systematic 

study of drug absorption through the  RT a f t e r  in t ra t rachea l  

administration of solut ions and inhalat ion aerosols t o  r a t s .  

They found t h a t  many common drugs, e.g., sulfonamides and 

anti-tubercular agents, are  absorbed from the surface of the  RT 
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250 GONDA AND BYRON 

rapidly by a passive non-saturable process;  as i n  the G I T ,  the  

magnitude of the apparent oi l /water  p a r t i t i o n  coef f ic ien t  (P) a t  

pH = 7.4 plays a decisive ro le  i n  t h i s  r a t e  process except for  

compounds with extremely low P27. Chowhan and Amaro28 found 

tha t  7-methylsulfinylxanthone-2-carboxylic acid was absorbed 

much more rapidly a t  pHs near and below i t s  pKa than a t  higher 

pH, thus providing fur ther  evidence for  the  operat ional  

s imi l a r i t y  between the pulmonary absorption ba r r i e r  and other  

b io logica l  membranes involved i n  drug t ransport .  These authors 

a l so  found tha t ,  i n  analogy with the gas t ro- in tes t ina l  route , 

dissolut ion of so l id  p a r t i c l e s  may become the  rate-determining 

s t e p  i n  drug t ransport  from the pulmonary surface.  

Propert ies  of the  alveolar  environment with d i r ec t  

relevance t o  t r ans fe r  of substances t o  the  c i rcu la t ion  have been 

recently reviewed . It was suggested t h a t  the  pH of the 
29 

alveolar f l u id  i s  very nearly 7.4 and t h a t  the  presence of 

components of t h i s  f l u i d  capable of dissolving,  chelat ing,  

p rec ip i ta t ing  or  hydrolysing cer ta in  types of mater ia ls  must be 

considered in  fu ture  s tud ies .  The spec ia l  ro le  of pulmonary 

lymphatics i n  lung clearance has been reviewed by Lauweryns and 

Baert . 30 

There are some remarkable differences however, between 

gas t ro- in tes t ina l  and pulmonary absorption. Para-aminohippuric 

acid and s u l f a n i l i c  acid are  absorbed by a s  much as two orders 

of magnitude f a s t e r  from the RT (apparent absorption half- l ives  
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INHALATION AEROSOLS 251 

7 0  and 45 min, respect ively)  than from the small i n t e s t ine  i n  

the rat31.  

absorption ha l f - l ives  when compared t o  administration of the 

same drugs as an in t r a t r achea l  solut ion32.  This may be due t o  

occupation of a la rger  absorptive surface.  I t  should be noted 

tha t  t h i s  large surface area can, a t  l e a s t  i n  pr inc ip le ,  be 

reached by the nebulized drug within a few seconds . 
contrasts  the s i t ua t ion  found when the small i n t e s t ine  i s  used 

fo r  drug absorption. Sodium cromoglycate, although p rac t i ca l ly  

unabsorbable from the GIT, has been found t o  be absorbed by a 

competitive, sa turab le ,  carr ier- type t ransport  from the RT . 
Even very large molecules, such as i n t a c t  albumin I 

insul in36,  dextran and i n ~ l i n ~ ~  are  absorbed from the RT i n  

s ign i f i can t  quan t i t i e s ,  possibly by pinocytosis . 

Nebulized drugs showed s ign i f i can t ly  reduced 

1 This 

33 

34,35 

29 

There are  several  processes which contribute t o  the  loss 

of drugs from the KT. Although p a r a l l e l  loss by metabolism o r  

other  processes could be responsible fo r  a reduction i n  apparent 

absorption ha l f - l ives  from the  RT3', i n  the experiments with 

polypeptides 34'36, i n t a c t  molecules were found t o  be passed t o  

the systemic circulat ion.  This emphasises the  lack of 

ex t r ace l lu l a r  pro teo ly t ic  a c t i v i t y  i n  the normal lung; indeed, 

the presence of such proteases  may lead t o  the  development of 

pulmonary emphysema . 39 

The pulmonary endoplasmic reticulum, or ig ina t ing  largely 

fromthe bronchial  epithelium and alveolar  c e l l s ,  i s  r ich  i n  
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252 GONDA AND BYRON 

microsomes40. 

l i v e r  micro some^^^. 
Their metabolic spectrum i s  s imi la r  t o  t h a t  of 

Certain differences between l i v e r  and 

lung microsomes have been found however. Lung microsomes €or 

example, exhib i t  a comparatively low l eve l  of conjugation 

reactions . 42 

One of the most important f indings with regard t o  the 

development of new therapeut ic  aerosols i s  t h a t  of the 

considerable species  var ia t ion  i n  pulmonary metabolic a c t i v i t y  . 
This c a l l s  fo r  carefu l  extrapolat ion of da ta  from animals t o  

43 

man, s ince pulmonary metabolism may contr ibute  t o ,  or prevent,  

the e f f icacy  of drugs administered by t h i s  route.  

CLINICAL SIGN1 FICANCE 

The ult imate goal of biopharmaceutical s tud ies  i s  t o  

improve the therapeut ic  e f f icacy  of drugs by optimization of 

the  del ivery system. Do inhalat ion aerosols  o f f e r  any 

advantages over other ,  perhaps, s a f e r  routes ? One re l a t ive ly  

unexploited cha rac t e r i s t i c  of the inhalat ion route may well  

prove t o  be the rapid absorption offered by the extensive 

2 

pulmonary surface.  This aspect  has been mentioned previously.  

Optimization of the inhalat ion aerosol  requires  f i r s t  

t h a t  it becomes possible  t o  deposit  a known dose of drug i n  the  

desired p a r t  of the resp i ra tory  t r a c t .  Given such optimization, 

a case can be b u i l t  f o r  control led administration of many drugs 

by t h i s  route. Drugs administered a t  present  f o r  t h e i r  l oca l  

e f f ec t s  within the  RT could be administered more r e l i ab ly  and i n  
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INHALATION AEROSOLS 253 

lower doses. Drugs which are  inac t ive  o ra l ly  due t o  gastro- 

i n t e s t i n a l  metabolism o r  hydrolysis,  an extensive f i r s t -pass  

e f f e c t ,  o r  are merely poorly absorbed, could be offered w i t h  

improved pa t ien t  compliance i n  inhalat ion aerosols. 

The ra t iona le  fo r  the reduction of systemic s ide-effects  

by introduction of drugs to, o r  near the  s i t e  of act ion,  is wel l  

understood . It may be expected therefore  t h a t  the  inhalat ion 

route would o f f e r  d i s t i n c t  advantages fo r  drugs act ing primarily 

44 

within the respiratory t r a c t .  Salbutamol i s  a bronchodilator 

which probably exer t s  i t s  anti-asthmatic e f f e c t  loca l ly  i n  the 

RT . Oral or  I . V .  administration of t h i s  drug, however, leads 

t o  many s ide-effects  which are  v i r tua l ly  absent when an 

equipotent dose is  administered as an aerosol . A 

45 

6,46 

cor t icos te ro id  aerosol - beclomethasone dipropionate - w a s  found 

not  t o  suppress the endogeneous secret ion of cor t icosteroids  i n  

m a n  when administered i n  i t s  usual dose of 400 ug/day. The 

r e s u l t s  were contrasted t o  the e f f ec t s  of a therapeut ical ly  

equivalent per  o r a l  dose of prednisone . Antibiot ic  aerosols 5 

have been recently advocated again f o r  use i n  ser ious pulmonary 

infec t ions ,  pa r t i cu la r ly  when pa t ien ts  do not  respond t o  

parentera l  therapy . The absence or  low serum leve ls  following 7 

inhalat ion may be important especial ly  fo r  those an t ib io t i c s  

which cause severe systemic tox ic i ty .  

As mentioned previously,  the anti-asthmatic drug sodium 

cromoglycate i s  well  absorbed by a carr ier- type mechanism from 
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the  RT33 bu t  only very poorly absorbed from the  G I T .  Moss e t  

a1.47 found t h a t  only 5 - 10% of the inhaled dose w a s  ac tua l ly  

absorbed. The f inding can be in t e rp re t ed  i n  the  l i g h t  of 

experiments by Byron e t  a1.8 who showed t h a t  the  resp i rab le  

dose f rac t ion  (<5pm) was probably very small  a t  r e l a t i v e  

humidities approaching the  conditions i n  the  RT. Because bigger 

p a r t i c l e s  are  deposited i n  the r m ~ t h ~ ~ ,  or  the  nasopharynx, 

and subsequently swallowed, t he  drug reaching the  systemic 

c i rcu la t ion  almost cer ta in ly  der ives  from the  f r ac t ion  deposited 

i n  the tracheo-bronchial and pulmonary regions.  

Both isoprenal ine and sodium cromoglycate a r e  inac t ive  

o ra l ly  but  exe r t  t h e i r  respect ive a c t i v i t i e s  upon administration 

as inhalat ion aerosols .  Both aerosols a re  la rge ly  swallowed, 

probably f o r  s imi l a r  reasons . Isoprenaline however, unlike 

sodium cromoglycate, provides an example of a drug which is 

inact ive o ra l ly  due t o  metabolic differences between the  

gas t ro- in tes t ina l  and resp i ra tory  t rac ts48 .  

a conjugation react ion i n  the  i n t e s t i n e  which inac t iva t e s  it. 

I n  the RT,  such react ions a re  uncommon42, and ins tead ,  

0-methylation occurs t o  a small  exten t  . Davies4* s t a t e d  t h a t  

the bronchodilator a c t i v i t y  may i n  f a c t  be due t o  the small  

amomt of unmetabolized i soprena l inr  which appears i n  the  

systemic c i r cu la t ion .  

49 

This drug undergoes 

4 8  

In the las t  two examples, t he  choice of t he  inha la t ion  

route is  necess i ta ted  by the  i n a b i l i t y  of the GIT t o  t r anspor t  
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the ac t ive  const i tuents  i n t o  the blood stream and t o  the t a rge t  

sites. Insul in  is  both poorly absorbed and inact ivated i n  the 

GIT.  Inhalation of nebulised insu l in  solut ions in  man 

indicated l e s s  than 10% eff ic iency with poor reproducibi l i ty  

when compared t o  intravenous administration. The response times 

t o  t h i s  insu l in  were however, found t o  be qu i t e  short .  One may 

speculate therefore ,  t h a t  the poor r e su l t s  were due t o  the 

combination of inadequate breathing techniques and condensation 

growth leading t o  poor deposition within the RT. The absence of 

ex t r ace l lu l a r  proteases and the a b i l i t y  of the RT t o  t ransport  

large polypeptides (see above) lend ind i r ec t  support t o  t h i s  view. 

Many other c l i n i c a l  invest igat ions using aerosols have been 

36 

reviewed by Dautrebande' and Muir' but these authors were 

concerned more with generation of aerosols than t h e i r  formulatian. 

Clearly,  the two problems are complimentary : aerosols of 

su f f i c i en t ly  small s i z e  must be generated but t h i s  e f f o r t  may be 

f u t i l e  i f  the pa r t i c l e s  grow rapidly t o  several  times t h e i r  

o r ig ina l  s i ze .  Furthermore, the  nature of the formulation may 

a f f e c t  drug release within the resp i ra tory  t r a c t  and consequently 

the aerosol ' s  therapeut ic  eff icacy.  

* 
Based on a lec ture  presented by one of the authors (1.G.) a t  

the  COPHARM meeting on "Medicinal Aerosols" a t  Chelsea College , 
London, U . K . ,  April  18, 1977. 
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