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Biomimetic Lung Surfactant 
acements 

Cindy W. Wu and Ann~iBise E, Barvan 
Norlhwestern Unive~it%/, Evansfon, iirlinois 

Pulmonary surfactnnt, or lung surhctanr ILS), is a natural biomaterial that 
coats the internal surfidces of mammalian lungs and enables normal 
breathing. It is a complex mixrure composed of ab t~ut  90% lipids and about 
10%1 surfactant proteins (SPs). Both fractions are critical far its pjlysiulogicdl 
function, which is to decrease the work of  breathing by regulating surface 
tension at the air--liquid interface of the alveoli (the network of air sacs that 
perhrm gas exchange within the lung) as a Trznctinl~ of alveolar starface area 
(1.2). A deficiency of functional 1,s in premature infiltlts results in the 
des7elopmcnt of neonatal respiratory distress syndrome (RDS) (33, a leading 
cause of inFdnr mortality. Two-thirds oP infants horn preterm are affected by 
RDS, with 60% af the incidence in infants born before 28 weeks of gestation 
44). Left untreated, an infant with RDS will die. This has Bed to the 
de.tlekopment of exugenous lung surfactant replaecments that can, if 
deiivered within minutes of birth, either prevent RDS or mitigate its affects, 

Exogenous surfactant rcplaccment therapy (SRT) is now a standard 
f o m  of care 1n the clinical management o l  premature infants with WDS. The 
impact of SRT on xaeolaatal health was de~noastrated by a dramatic 
~edanctiur~ of 31% in the RDS n~orrality rate in the United States between 
1989 and 4990 ( 5 ) .  In terns of the number of infants involved, another study 
showed th;at the incidence of deaths from RDS in the United States dropped 
from 5498 in f 979 t s  1460 inn 1995 (6). Each year, about 40,000 infants in the 
Unitsd States are aflrlicted with neonatal RDS (71, whereas worldwide eke 
number exceeds 2 million (8). 



Currently, there are eight different surf'tlctan~ repiacenlent formula- 
t io~ls commercialjy available for the tseal~21ent csl RDS (4,9-14). These 
formulations can be di.syricfed into twcs different. classes: "'natural" and 
""snnQ1eticn LS replaccaaaents, So-called r~atural LS rcplaeenzcaats rase 
prepared from ar~imni lungs by Inmgc or by m~incing, fi-rlliowed by earaction 
of surfiictant lnalerials with organic solvents and purification.. Syntheti~ 
surfactant replacements, on the other hand, are always protein free and are 
made from a blend of synthetic phospholipids with added chernical agents 
(generally, either lipid nr delergerat rraolccoles) that Pdcilitate adsorptio~ and 
spreading of the material at thc surface of the Itengs, 

Motivated by concerns that natural LS rcplaccments are anilraal 
derived and hence carry risks of patbogert transmissioa, whereas thc 
pl-cselztly avaitabic synthetic fomuiations arc less efficacious, extensive 
research has bccn collducaed on the deveiopmcrnt of a tfiird, not-yet- 
cotxmcrcial class of fonntalations: biomimetic LS . replaceme11 ts, For~raula- 
tions of this class are designed to closely mimic the biophysical 
characteristics and physiologict.ri performance uf natursl LS ivIiile B I O ~  

sharing its precise inslectklar esmpositiam, To date, most biomimctic ES 
formealatioaas contain synrlia~tic phospholipid mixtures in combination with 
either recombinantly derived or chemically syntl~csized polypeptide am- 
Ingues of the hydrophobic surfactan t proteins (8,15-33). Thc st~ccessfx~l 
creation of a good biomirnctie LS replacement will hcilitate better, anld 
satkr, treatment of a medical syndn.omc that afflicts premai w e  infants 
throughout the world. A formulatir>xa that offers the efficacy of animsl 
s~~rFdctant, ss well as the safety and relatively Inw cost of synthetic products, 
would not c~nly impras~fe current treatment prcatocols 'hut would offer a 
fc~sible prr3duct for treating infzxlts in nonindustrialized countries where the 
cost of currcntiijr availabje repfacements remains prohibitive. in additioll, 
there is evidence that a  onim immunogenic biomimetic LS tvould have 
agpIisatinns in the treatment sf other lung diseases that havc surfiidat~t 
dysfuanc~ion as an elemesnt of their parhogelaesis, incltading meconium 
aspiration syndro~ne, congenital pneumonia, and acute RDS (34--36). 

11, RESPlRATQRV DISTRESS SYNDROME 

Sypiccaliy, the premature Bzaags of ilafi-~nts horn after less than 32 areeks' 
gestatioxl will either have inscrfEcicnt armounts of. or be campictcly devoid 
of, pulmonary sxjrfiictant. Tl'nis deficielncy results in higher than xmomal 
alveolar silsigare tensiax~ ;and alveolar instability, factors that lead 80 the 
rapid development of respiratory distrcss syndrome, which is maniksted as 
an inability "s breathe and an inability to be respiraled vciithorat secondary 
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Iring trauma. RDS is a leading cause of inF&nt n~ortafity in the industrialized 
world. Since the pianeerilag efforts of Fujiwara ct al. (91, numerous ~ I i ~ ~ i c a l  
trials have shoi.5'11 the efgcaeg, of the administratiall of exogenous LS 
replacements for the rescue of these inpan ts. Surhc~an t  repIacemelxt therapy 
(SRT) improves lung compliance and oxygenation, and hence decreases the 
requircmcnts for inspired oxygen, rcduces tlae incidence of pulmtlnary 
complications, and, most ilmportantly, increases the survival rate (9,3743). 
Clearly, exogenous SRT is a successful wealas of treating premature infants 
at risk of developing RDS. However, there is a percentage of ncnnntes wlao 
do not respond well to LS replacements, for reasons that we cvilf briefly 
discuss and that remain poorly understood (44.45). Hence, improvcmen~s in 
the current tl~erapeutic biomaterial and its mnethod nf adnziniswatiortl are still 
required, Toward this end, researchers have worksd on the developjn~eni of a 
comf>letely biomimctic LS replaccrne~zt farmralaticsn that will be f~rnctiaraali, 
safe, and cost efketive. 

I!!, HLISTBRICAL PERSPECTiVE ON THE PHYSIOLOGICAL 
ROLE OF LS AND THE CAUSES 8F  RDS 

The history of LS rcscarch datcs back to the late 19205, when VQR Neergaard 
Glustrated the significance of surFacc tension in pulmonary physiology. Tn 
his den~onstratissa, ~6311 Neergaard showed that a greater pressure is required 
to expand an atelcctatic fi.e., collapsed) lung with air, rather than a saline 
solution, and surmised that this was a resuft of differenecs in the relati~re 
magnitudes of starfiice tension forces an the alveoli (46)" However, it was not 
until the mid-1956)s sfrat Pattla; (2) and Clen~enl (1,47) shscrsed the exislenee 
of a surfiicc-active lnaterlal in the lungs that r2aturally rcduces surface 
tension. 

Shortly after the initial discovery of surpdcc-active agents in the Iuslg in 
1959, Awry and h4ead demonstrated that a lack of surkctant was central to 
the pathophysiology or WDS in neonates (3)- Specifically, they sfiswed that 
the defieiencql or dysfu'uraelion of surfactant reduces lung compliance by 
i~ncreasing snrfitce tel-srion forces at the air-water ixxterface of the al.i~eoti, 
This knowledge led to the isolalioe~ of pulmonary surFdctant from calf lung 
in 1961 (48). After i t  was recognized that dipaImitsylpkc~sgksat.idyf.ch01Sne 
(DPPC) is a major cor~stituent of the LS mixture (48), clinical trials were 
conducted to test the efgcacy of the first synthetic LS formulation, which 
was composed of DPPG and delivered as nn aerosol (49,503. Hswever, trials 
were unsuccessful: DPPC alone does not adequately mimic natural LS 
be~awse of the rigidity of the monolayer thar it rc~rrrts at the air-water 
interFdcc ( 5  1-53). 
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It was not until 1980 that surfactant replacement thcrapy became n 
reality in the treatment of neonatal RDS. That year, Fujiwara et al. 
successfully rescucd 10 preterm infants who were suffering from severe RDS 
by intratracheal boltus instillation of a bovine-derived LS (9). Although these 
authors called their bovine surEictatlt rcplacsmer~t. "semiar~ificial," hg. 
today's conventicrn it would be kllow~a as natural bccausc it was crrtracted 
Gorn arlirnrzl lungs. Since then, LS repfacemel~t treatzazcr~t has be~ome 
standard care %'or preterm infrxnrs with RDS. If inf:';tnts with IZLIS survive 
surfactant replacement thcrapy (requiring up to 4 doses. cvcry 6- 8 h aftcr 
birth), they generally begin to secrete tbcir owra pulmonary surt'acta~~t within 
96 h (54,255). 

Altho~igh animal-derived LS replaceni~enxs have been used with fuucesb 
for neonate rescue, improvements to furtl~er increase: sur-vixd sate and to 
decrease Il~e ~ o u t  per patient are still needcd. Totyard this cad, researchers 
are working to develop a new class of blomi~netic LS replacemer~ts that 
capture the advantages s f  both natural and synthetic formulatic>ns. III ordcr 
to design a functiot-ral rcplncen~cnt for a c 0 1 ~ 1 e x  biol-flaterial such 3s 
pulmnnary surfactamt, it is necessitry to utldcrstarad the properties of the 
nalural substance and ti2 recognize aspecks of the currexrt thcrapy ekaat 
require improvement. Therefore, we begin with an i~atrodeactlo~a ro t11c 
mofeczalar composition and the biophysical f~~nc t i sn ing  of LS, before 
discussi~lg strategies for and reviewing rcccnt progress in the deveEt~1~111ent of 
a xscful biomirnetic LS replaee~~cat .  

Lung surFdctarzt is synthesized in alveolar type 11 eptthclial ccIIs and is stored 
intracellularly in dc~nsc. muftilayered membrane structures, referred ta as 
I~mellur bucJirs (56). The contents of the ktmellar bodies are excreted into the 
alveoli (571, whcrc they undergo a transformation to lattice-like, tubular 
double layers, refer~ed to as rnuhular. r n y c l ~ ~ ~  (58,59), the main reservoir of 
surfaceant (GO), from wlaich an ES manolayes at thc 2tim;-liquid inkerPdce is 
formed (61,62) (Fig. I) .  The eficient and rapid adsorption of the uurpdctank 
to the air-liquid interFacc imparts a drdmatia: reduction in alvealt~r surface 
tension, which is requisite for breathing, 

$u%mox-tarj surfactant is a complex mixture of proteins and lipids thar coats 
the internal surFdccs of health) mammalian lungs to enable nom7al 
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Air  . .. -- LX _I_..----CX- - 
Suda~tant film Hy pa phase 

and other 

F'Iguaa 1 A sschcli~atic cliugranl~ of ra:atu.i-al pullljonary surf&ctnni synthcsis :znd 
tr;~n~pol'f to the alveolar surf:%ce?. Prhlnoraary suacfa"caclant is sjnlhcsi.red ira Iype 11 
alvec3l:tr cells as a conaplex mixture caf lipids and surfaaant proteins, and xssemblzd 
into famcllar bejdics. Tfaese organcfles are hccrelerf and ~ransf(ki,rmed tratca tubrllar 
myelira, M ' ~ I C I I  then adsorbs to the air ll~j-aid inlcrPc~ce whcrc it fux~ctions to cortln,t 
the stasface tcnsnon et?rutr~hont the breathing cycie. Sw-Factanr mafclials ~ l rc  
eventu:~11y taken b:aek into the type II celh for degnldaaion and uccyclir~g. (Prom 
Ref. 276, with pernnisszon.) 

rcspiuafion (2 ) ,  By tlirrmc crf its unique surf;i't-ace-active prop~riics, '~vhic1-n we 
u7ill soan dcscrikc, lung starGictara% rcdmcss the prcsstlrc: required for al~eolar 
cxparrsion ;and decrcttses t l ~ c  work of brentlting (1,631. Lung surihcta~lt alsa 
stabilizes the alveolar nctivork, prcxrcr~ting its collapse upon exhaluticlra 
(53,64- 66). 

Vli, MOLECULAR COMPQSITION OF LS AND COMPONENT 
ROLES IN SUBFACTANT ACTBVlTV 

Eusg surfactanr is composed of approxitn~atety 85-905 pfiospholrpids, 5% 
neutral lipids, and 8--40% proteins (see Table 1 1  (66-70). The nwst abundant 
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Bbbl~? 1 Molecular Conapositnon of Lamg Surfactant ( 6 6 ~ 7 0 )  

khospl.iohpids 
Pllosphae~dylcholi~~e ( I T ]  
Phosphatidylglycerol (PG) 
Phusyhatid?;~el~1;\11c~~i~r"ni11e 
(PE) 
X'hc~sphatidylinosjtol (PI) 
Phosphatidylserine (PS) 
LysuphopkalidylchoEli11e 
Sphingomyelin 

3 euQ-szl lipids 
C:holesternl 
C&~nlc,aQeral cblers 

Surfact ant protci~ls (SPB 
Hydrophilic Proteins 

SP- A 
SP-D 

%Tydrfaphot_Pic Proteins 
SF-B 
SP-C 

corrapcznenk is phosph;rtidylchc~liix~e (PC), which is generally dipalrni~njllared 
and in the satxirated form (DPPC). Pf.ncr~sphatidylg1yccro1 (PC). ax1 a ~ ~ l i o ~ ~ i c  
lipid, accournts h r  another 8%. Also present are jzhosphatidyletha11ol;i1~~i11e 
(PE. ahout 5%(): phosphatidyl1nosit~1 fP%, zbouf 3%), and trace amounis of 
gkaosphatidylserine (PY), lysophospkatidylchcllinc, and spllingomyclin. 
Some neutral lipids are kalso present, and include boeh cholesterol and 
c41alester01 esters. 

Ira vitrrp and in vivo biophysical experimer~ts have shown that the mosd 
cr-itical lipid molecules for reductitpn o f  alveolar surface eensron are DPPC 
2nd PC. AIthough DPBC films are oapabk of rcdi~cing xurhce kension ta 
near zero upon coanpression (i,e., DPPC tn~>.~~ol.ixyers can sustain high 
surface ~ ~ ~ S S L L ~ C S  before collapse), thesc phospk~siigids are slot\? f o adsorb to 
nn interfitce ( 5 %  53'6, The grcscnee ifpi ES of other, m i ~ z ~ r  lHpd coxnponrnis, 
in paarticular PG. ha9 been shown to assii~t in the spreading of DPPC 
molecules at the ;-ax--wPaeer mnterFd9;e (52) .  Hon ever, such lipid mixtures alone 
are alscs ine9Feetit:e as luatp ~urEa~ear t t  replrace~anbants bcca'ense, tinder 
physir)l<agica% condi tior~s and in the absence of other spreacli clg agents, 
DPPC and PG will not adsorb lo ~dne air-liquid intcrfixc wirh senfficlent 
quickness or rcsgscad as rapid@ as needed for hrealhtttg as aPvcolas. surhcc 
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area changes cyclieafly (7 f 1, Instead, a u~~iqkae combination of proteisz-bi.iscd 
saarfitctants function as the necessary spreading ‘1 g e n t ~ .  

.&ctually, a total of four differ en^ surfactant-specific proteirzs (SP) are 
known to be present with phospholipids on the a lve~la r  hypophase (i,e.. tlzc 
aqueous lining of thc lung): SP-A, SP-B, SP-C', and SP-D (72), These 
proteins fiilt into two major subgroups: the hydrophilie surpdctant prsltcins 
(SP-A and SP-D), and Ihe hydrophobic, amphipathic surfactant proteins 
(SP-B and SP-C). SP-A and SP-TP aid in the co~ltrol af surfactant 
metabolism and atso have ilrzpvrtarlt immunolopienl rules fot- cieknse 
againsh inhaled pathogens (73,741. lSllt rksr theralncsntic LS replacements, it is 
the bioptlysical properties of sur&~ctarnt as they affect the mccfianical 
properties sf the lu~ig that are important for the treatn~cnt of RDS, Even 
thougt~ SP-A is in~olved in the ordering of LS pl'eospholipids in the presence 
of calcium, it is typically omitted from LS rzplaccments because it does not 
have a signi~ficarat role ial reducing surface tension and is also immunogenic 
(75), For the same rcasaas, SP-D is also on~itted Tro1.n sktrfuctarat 
replace~nen ts (76). 

SF]-B and SP-C are required for proper biophysical ftrnctioning of LS 
(777, enabling attairnmernt of low surface terrsions on the alvcotar 
hypophase and endowing proper dynamic behavior to thc mixed lipid 
naonsl~tyers and mtaltilayer\ that are found there (78-80). Zt has beela 
si~ggestcd by one study that SP-B a~ td  SP-C furaclic~n in a nonsynergistic 
manner t81): yet, consideri~~p the strict conservation of both proteins iar 
manmals and the significant differences in their structures, which we will 
discass, it seems likely that each plays a role that is iinportant and dirstincl 
in hcilitating easy breathing, However, it has been difisuIt to dceonvolute 
the indi.r?idual rules s f  SP-B and SP-C (82). Both proteins have been found 
to facililate the rapjd ;adsorption csf phospholipids to an air-water inherpdce 
and to ailow rapid respreading of phospholipicls as the alve~l i  expand and 
contract, Both a dramatic innuence on monolagter phase behavior 
and reduce the surface tension on aIvsoli upwa cc)mpression of surP dce area 
(,81,83). A variety of srudics indiente that SF-B is x~~ore  effective in 
enbaancing the adsorption ratc rand d y n a n ~ i ~  surface activity of pftosp1nc~- 
lipids 481.84-871, particularlj in refining the films of surfactant to have 
enriched BPPC Collrent (88,89), It has been suggested that SP-C is more 
effective at promotia~g respreading and ijEm Formatio~l from the collapsed 
phase (88--90). 

Bcfaw wc briefly describe the molecular structures 3rd biophysical 
properties of the SP-B a l ~ d  SP-C pl-oteins. The reader is rererred to recent 
r e v i e ~ ~ s  (9  1 - 94) for more ccsmprchensivc arrd dctailcd disctassi~ns c.tT their 
struelure-function rdatlonstlips. 
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. STRUCTURAL DESCRIPTION AND APPARENT 
PHYSlOLOGiCAL ROLE OF SP-B 

5P-13 is a small, hydrophobic protein, composed of 79 amino acids, that has 
an unusually high cysteinc content (Fig, 2A) (95-97). In the native SP-B 
protein, seven ey steine residues form a urei yue dislaltide pat tern that includes 
three intramolecular bonds and one internlolecular bond, the laltcr of bvhich 
results ia~ tfle ft>rma%ion of SF-B dinlcrs (98-108). The numerous positively 
chargcd side chains scattcrcd zhroughout the SP-B sequence are essential for 
its activity (33). Electrostatic interaction of these groups uith ncgativcly 
chargcd PC molccutcs is knotndn to enhance respreading of the phospholipid 
fi!m, as well as to cause refinement of the monolayer by the enrichlment of 
the DPPC content of the film through the "squeeze-out" of other lipids at 
&he air-liquid interFdce (52.lOt-IOCP), The I-tpdrophobic amino acids in the 
SP-B secltience are known to interact with lipid ;icy1 chains (-33). Spectro- 
scopic studies have shown that the ieeoa~dary structure of SP-B is donninated 
by 2 helices7 which are likcly ta kc: ampfiipathic given their scquencc 
distmbution. Tkc detailed tcrtiarg. strueturc of the protein1 has pet to bc 
detern~ined by nuclear magnetic resonance (NMR) or crystallographic 
studies (20,31,BE)7-- 1 f f ). 

In  a structural model fb,r SP-B than was proposed b j  Andersson et al., 
four amphipafhic 11elicc.s are aligt~ed in sxt antiparallel. left-hat~ded hairpin 
motif. where one helical fwe is hydrophobic and the other rclativcly 
hydropl.;ilic, as illustrated in Figure 2B (1 10). MGth this tertiary structure: 

B " To another 

Figure 2A Prrmary structtnrc of SF-B tlakanrzim seyuelzcc). Thc identity of each 
arnlrxa acid is y i r m  hy the one-letter code. Hydrophobic residues are shown in black, 
and chargcd residues are identiiied. (Adapted froxfa Ref. 277, wit11 pcr~nissian.) 
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Figure 28 Hjpothctical model of SF-N fblded slructure and its proposed mode ctf 
inlcraction with a phospfic~liyid biiraycr, SP-B is suggestecl to be a dirner (3% two 
identical 7Y-res~due four-hcIix protein c h i n s  (cross-linked at Cys48, in the third 
helix), with the polar Pice of the a111phip;ithic helix interacting ~ 1 1 t h  the lipid 
headgroups. (From Ref. 278. with psrmissiorn.) 

SP-B would be wcll suited to iateract with a phospl-iofipid .~tlonolayer or 
bilayer (812,112---I 141, with its polar (xnostfy catianic) hccs interacting with 
lipid headgsoups, particularly those of the ax~is~~ic  phospholipids (1 151, and 
the apalar &ces interacting with acyf chains ira thc regions of the headgroup 
491 ), Recently, another hypotheticr-ki structurnl model of' SP-B. which reflects 
the homoclimeric structure of narive SP-B, ~ v a s  proposed by Zzilrash et al, 
(1 16), In this model. the two SP-R rrlonomers are linked bq disulfide bond at 
Cys48, kvith she charged rcsiducs lying on srle surPace of tbc disk-like 
structure. Thc dimer is thought to be stabilized by hydrogen bonlds or by ion 
pairs hetxeen GluSZ and Arg52 residues from each of thc two Inonomcrs 
t E I&). This hinged, dimerized strucfurgl u~ould provide correlated motion of 
SP-B rnc3ncaarters that irmteract with two different munolayersjbilayers, 
cscarillg "cross-ialk'" bettvecn these osgitnized tipid films (1 16). 

Apparently the nuin physiological function of SP-B protein is to 
Pdcilitate phospholipid adsorption to the air-liquid interface, thereby 
ifilowing rapid spreading and respreading of the surface tension-loaiesing 
phospholipids as alveoli expand and contract. la this way: SP-B has the 
effect of stakilizix-tg thc surfkce fib. It has been shown that the ability of SP- 
B to induce rapid irasertian of phosphofipids into the monolayer is essential 
dbr the maintenance of alveolar integrity (33,84,85,96.117,118). Hence. SP-B 
may have a preclomirnant role in Fdcilieati~ag rhe reduction nf surFwe tension 



i n  the lungs, Resides these roles, SF-B may also serve the cniical functions of 
aiding the fornlation of tubular myelin structures (1 19-IZL) and indxacing 
the ealciamn-dependea fusion of mernb~.a~es (1 19.122), 

In vivo rescue experimenls with premature rakhits (1331, in vivo 
blacking of SP-B with rnonclclo~~al antibodies (1249, and sttidies with 
genetically engineered SP-B-deficient mice ( 3  25,  f 26) hrrve all confirlirled efie 
L 

crifical role of SP-B in functional LS, Faarthemore, recellt studies of SP-B 
knockuut mice revealed that the presenec csf coa-alently linked hon-rodimers 
of SP-%S al3peitrs to be important for the optimal f~x~~ctioning of natural LS 
(1173128). These sturiies, in  additioxa to khc thillt an inherited SP-B 
deficiency in infants is letl~al (129,130), protyide sit-ur~g evidence for the 
predominant impartavce of SP-B in LS. 

VIIB. STRUCTURAL DESCR1Pf lQkd AMD APPARENT 
PtlYSSlOLOGBCAt ROLE OF SP-C 

The smaller of thc two hydrophobic surf~~ctant prczteins, SP-C, i s  carm~posed 
s f  35 atnilzo acids md laas an unusual dipalmitcsyl modificx~tion 1x3s ehe 
carboxy ierrnl~lus (Fig. 3A) (13 1.132). Two-thirds af ihc protein consists of 
a long, continuous, vaIyl-rich hydrophobic stretch, which adopts an a- 
helical secondary structure as evidenced by both circular dichroism (CD) 
;rnd NMR strnct~lrc detertninarir>n (Fig, 3R) (1 33-1 351. The length. of this 
helix. 37A, is pcrfect f '  {he spanning of a fluid DPPC hilayer (136). 
C~nsislcat with this obscrvatictn, it has been shown in other studies the 

Figure 3 8  Primary strucrure of hyd~ophobir surfactant protein SP-C (human 
scyucnco), Thc idetltity of each anxino acid is given by the one-letter code. 
Hydrophc,'nic residues are shorn in black" and charged residues arc identified. Thc 
two cystcine residues axe gaSmitoylated. (Adapted frcllrt Ref. 277. with permission.) 
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Flgura 36 Sci-netn:atic presentation of SP-C secondary structure ;and its prcsposed 
mode o f i ~ ~ i ~ r t t - t ~ t i o n  with a phospholipid bifaycr. 'Elhis SP-6 ktruclurc was deduced lay 
2D-NMK. and in this picrurc is artificially superia~poscd on a lipid bilaycr. In this 
tra~.ishik;ayer r)menta.kion, the hydrophobic part of the q~r~)teij~ f re~idtdes 13--281 
interacts wieh the lipid acyI chains, while the hasic residues at position I I  and 12 
(indicated by positive daarges) ivsreraec with the polar (auicrnic) lipid headgroup. The 
two  c~stcint: resiclracs sr positions 5 ant3 6 tire palmitoylatud; thr role of these 
pa%mirnyl chains i3 sstll! disputed in the litcratrrrc, (From Ref. 238, with permission.) 

SP-C %-helix i s  a transbilayel- protein, with the a-helix oriented roughly 
parallcl lo the i i ~ i d  acyf chains ul the air-watcr interpdce ( 1  34,137). Other 
t sv ide~~~e  sugpeqtr; that in interactions with a DPPC mc2~aciloj>er, SP-6 is 
situated l o  make a 70" tilt rclatjvc to the lac~rnaal nf the monolayer plaae 
(1138), The issuc of ~vhcrher SP-C prcferenrially interacts wilt% axn LS 
mollolayer or with bilaycr or multilayer struc8rares is still under active 
ig l~~~ t iga l ioa~~  (82,1B4,139,140), 

PaS~xitoylatio~ of the two SP-C cystci~lcs a t  positions 5 and 6 in the 
sequence has been P I ' O ~ B ~ S ~ ~  to pranli~te prolein i%atcl"actians with lipid acyl 
chains iaa neighboring, stacked lipid bitayers (141)- shereby facilitating SP-$: 
binding tcr Ihe hilayer ( 1  43) and:'or orier~ting the peptide ( 143). However, the 
physicslergicul 'function of lhc  two ~alymitoyl chtains, as well as their necessity 
for in  vivo efficacy crf LS replacements, re~nains t~ be f~'ls11y u~derstoc,d 
(l42,3144,145). Thc two ad-iracent, positively chr~rged lgrsine and arginiale 
residues igt positions I li and 12 of SP-C most likely interact with the 
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phospholipid hcadproklps and prornote blradilrg 1s the al~onolalier or bifayer 
by ionic interactions (116). 

Similarly to SP-B, SIX-@ secrns to pronlote phospholipid insertion illto 
the air-liquid interfitcc (108). and thereby to cnha~scc thc ratc of' lipid 
adsorption 1145,147) and the respreading of the alveolar films upon 
inhalation (53). SP-C also strzbifizes the surfaela~~t  film during the expansion 
and compression phaxs  of breathing, apparently by regulating phospho- 
lipid ordering ill such a fiishioml as to increase the lateral preshure within the 
bilayer (nc~tc that increased surfacr: prcssurc, E, corrclrrtcs tvith decreased 
surhce tension, 7 )  (1 2 l. 148,141)). Intcrcstingly, thc rcsulls of onc study 11as.e 
suggested that a srngle SF-C: rnolectric is capable of infiuencing thc phasc 
behavior of 20-35 lipid rnctjiecules (135). Kt1 adcfilion, SP-C has been fbund to 
seil~ulate liposotnal fusion in vilrct ( 1  19 arid fo enhance thc billding af lipid 
vesicles lo a cclI irleilibrane for endsc>tosis of lipids (150,11). 

In viva srudics of gcnctically engineered SP-C: knockout mice have 
rcvealcd that SP-C plays an important rate in cr~dotving function to LS bur 
i s  seemingly less critical for breathing tkrzn SP-B, SP-C knockout nlicc are 
viable at  birth and grow normally withotat alrered lung devclopmcni or 
firnclion ( I 1  52? 153). but lung mechanics studies reveal abnormalities in Iwlg 
hysreresivily at low lung volume j 6 53). Furthermore. studies have shown 
that mutations in Ihe human SP-C gene can restllr in the expressioll of an 
altered progrotcin, the prectarsor thar u.ttdesgoes prsteolytic cleavage to 
yield mature SP-C, whic21 is believed to be in~olvcd in the develt~pn-scnt of 
interstitial lung discasc (1  5 2 ) .  Thu dcficiealcy sf' SP-C ia some Belgian I-rluc 
calves hat; been sl~swm to increase the likelihood of MUS ( I  54). 

Thg: ~ahysislogical soles of LS require i t  to adsorb tmcd respread q~1Bckly upon 
~nhalatlon and to rcducc surface tension upon exhalarion. Tl~cse require- 
ments can he satisfied by en~risicsning thc susf:i~cc film as t l ~ l r ~ g  C O M P O S C ~  of 
~nnonolaye~s l~ighly enriched in DPPC', as well au bilaycrs mul~iiaycrs of 
1ipid;protei.n struciures that remain closely atrac'tled to the film (80.88). Both 
selective squeeze-o11t and inssrfion of lipids has beell pruposed to enrich the 
munolayer with DPPC to enable the attainmerst of low surfdce tetlsiglrr 
observed for ES during exhalarion, Hnwca;ec, upon reexpaasion, DIJPC i s  a 
poor spreading m:aturiaf. I~"istead, it as the unsaturated lipids ttlzd surFLictai~.t 
proteilzs that arc r~spon~ ib l c  for the r a p d  ;ndsc?-qtioa and resprc,tding of LS 
upon inhakaeion (1 14,140,1577 163). These squcczcd-aut components are 
stored in multilayers that remain closeljr assrtsialcd with thc filin at the 
interface (80,155) anti respread into the surfi~ce film upoil alveolar expansio~m 



(156). Replcnisf.trl7cnl of t f ~ c  surkice film occurs b j  ;~ds;orptinrr From the 
strbphase, and by reqpreadia~g of cc~tlapsed phases and excluded material 
(1 14, B 40). Thc transferring of the lipids to the interface and the formalion of 
surfactaxst film at the air -liquid interfacc crshal-aecd by the presence o f  lhe 
surP~ctanr proteins SP-B and SXXC (1571, whicl-i pcrtarb ~ I I C  packing of the 
phtsspi~olipicSh [85.149,158.159). 

Xs RECOMCtLtATIBN OF LS'S DDCH0P8MY OF ROLES AS 
A SUREACE-ACTIVE MATERllraL 

For lung surPact;int to tvor-k'effectively- thc films that arc formed must be 
Jieriii!, SO tha t  fhtt tnaiesial adsorbs and rcsgreads quickly and reveraihiy to 
the alveolar intcrfact.. Its fc~mm a mcssn~,lr.ayer upon cxpansiuxa; yet it also needs 
to be rigid as a surf"ac@ film. so that i t  ~ C ~ I G ~ I ~ S  near-zero stirface tension 
during the alveolar conrlprcssion accompanying exhalation (821. Hexace. 
 here is a dichstonzy of the rales of ES. To irsco~~cilc the dual actions of LS, 
ilmc ‘"squeeze-out" theory Qaa  postulated (52,531. This ehcory state, that 
adsorption is ki;tciHit;tted by the presence of the fluidizing agents, which arc 
subsequently remcaved knporil comgrression, resixlting in the f~jrmationn of a 
DPPC-cnricf~ed xnonolaycr to prcrmote low su~-race tension j52,10 1 - 1  03). 
However, this theory dot's not ~ C C O U F ~ ~  for the presence of the surfaclanl 
proteins or fop. their complcv roles (8Qf,83,1$5,1 GO- 162). 

Recenr invcstigatians of ES phase bchavictr and surfi~ce film 
11xr3~~1101crgy and 2D phase behavior of diikcrenr LS compsnellts haye bcd 
to the develapme~~t of the. "'monoli-nyer-associateci-' theory (82). Coattrnry to 
thc sclueeze-out theory, this theory slate$ that rhe srarfdctant proteins help to 
retain the unsaturated fluidizing c~3rnponents af LS within or near 
monnlaycss at all surfmx pressures, ctlcrn at film eoliapsc Ci.e., a t  high 
surface psessurcs and low surG~ce tensions) (82,163-1 66) .  Ce~nsistent with 
this, experiments condetcted have shown that SP-B and SP-C' i?rc.kienr the 
squeeez-out of unsa$usatcd Ijpids by ilftcring the fiI31-1 collapse n~echanisrra 
from a friicturing e\>ent $0 a marc reversible buckling or folding of thc 
monolayer (l$i3,164), Particular-ly for SP-R. it appears that tfisse folds 
rcmrnalin in close association with the stxrfiice film, tl~ercby allo~ving facile 
rcincorgo~aiion of' thc material upon expansion (164). To a greater exte~l t  
for SP-C, It has been obscrvcd that 1l.t~ lipid components tlan~ are removed 
from squeeze-out upon cempressicsra (83) are storcd in a m~~ltifaycred phase 
thnt remaitls closely attached to ahe intcrilx~e (86,155). which upon 
expansic~rt respreads into the surface tilm ( 1  36,157). 
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Xli. LS REPLACEMENTS FOR TREATMENT OF RDS 

Clearly, a good urrdcrstaading of the surrdclant proteins, and their 
structural links to the underl5ring mechanislns that cndrw 1'tlng surfactant 
with i t s  extracrrdinary suspace-active properties, will be critical for successhl 
binengineeri~~g desigrn of a functional, biomi~l-netic LS replacement. Eiucicla- 
tion of the interactions between the varitlu~ ~onlpo~lents of this eclbmpfex 
protein--lipid mixture entails deeonaroiutiorn of the phase befiavior of both 
the lipid and 13rofein cornponcnt.~, lntensc study of whole I,S and various 
fractions thereof in recent ycars has afforded a numhcr of inva\uabTc 
insights into the structure f11nc;tion relationships between protcifns and lipids 
(28,33,80,82,90,113,114,139,140,151,163,166 173). and is beginning to 
provide ealotrgh informaeion to guide well-informed design uf novel 
biolnimeiic LS rep8acernents. 

Delivery of an e x o g c l ~ r ) ~ ~  I S  ~epIrkaement la a preterna ialhnt is a 
temporary intervention, intended to ~xaainlain respiratory function and to 
minximize lung injury until ~raaturntion of type II cclls occurs, ga~erally 
~vithin 96 hours of birth, permitting an adcyuat~ amount of endogenous LS 
TO be produced and tsar-isported tc~ tlme alveolar. surface (54,551. A good 
repfacenae~lt rnust capture the physiological cbnmctc~t;tics described earlier, 
In ~k:iv(">, the su~Gict;.tnf needs to be capable of impraving the stability of 
iml-nature fe~al  lungs and of pmvidlxag healthy pressure-aiolum character- 
istics to t l~c  al.rreolar nefwork. In terms of ixa vitro biophysiaaf properties alld 
therapeutic eharncterissics, this translates to (a) rapid surFd~c adsorption of 
ES, to generate an eisluiIibrium surface tension of :%bout 3 m N j m  within 
I min (60); (b) reduction of thc rnix~isramal aliveolar wrhce tension 10 nearly 
7e90 upon cyciic cctmpression, to prevent alare6slar corlapsc and to maintrzin 
the p;;atcncy of terminal brorac'kioles at  cxpiraiion (1 74.1 75); axad (G) effective 
respseadimlg ot'surfactant after. co~x~pressioxl beyond the collapse pressure, to 
replenish surfactant malcrjals duritrg alveolar exp~ansion and eo ensure tE.maG 
the maximum surface tension does not rise above an eqlailibriurn lcvol of 
25mN/m during the breathing cycle (53,65,196). LS replacements must 
prc3vide these benefits and should also bc pure- ssai'c, and biiaavailablc (i,e., 
they should hm~c  no viral, protein, on: chemical ~ontaminalion, and should 
not elicit an im~aune  response). From M production standpsirat atad to 
k~cilisate wide availability. the ease of surE;acean.at rnan~f~cturili1g~ purifica- 
tion, qzaality control, and cost must also be eonsidcrcd. TFhereEc~re, an ideal 
LS rcplaccmcnt would be highly silnilar in its properties to the naitirrsl 
material and also cost effective. 

From a design perspecti~c, it is not only important lo undca-stazzd the 
playsiological and biophysical activities of lung surkxctaant but also the 
factors that can inElibit Its perfr,rmance. LS can be inactivated by the 
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presexrcc of (a) plttsmrr and blood protcil-ns (albumin, fibri~togcn, hemoglo- 
bin, ctc.) (1 77-- 180): (b) ur-rsatur-atcd cell ~ne~nbrarne phospiholipids (i 78): 
jc) hysophosphesiipids (181): (d) uholcslcscjl ( f  82); (el free fatty acids (183); 
(0 lytie enayrnes (proteases a-ixel phmspholipases) (184): (g) reactive 
radicals; and (11) meconium (first feces of a fetus) (185). Investigations of 
these enclogenotes molecules have sizawr~ that illactivation by these 
coataminants can, in general, be mitigated by iacreasing the LS cosaccntra- 
tion (177,186). This means that, potentially, a patient suflicring fro111 KDS OT 

ARDS could be helped by the dcliverq of additional kS or of a funztisnal 
replacement . 

The design, testing. and ber~chmal-king of any ~ltsvel t S  replacement 
necessitates in viers, characte~izatiola of th@ material by a number clfdifferent 
approaches, each of whjck~ evaluates surkgte activity in eomplen~crataspy 
ways, Those fbranaulatiuns tl-nzrt show promise in in tritro studies then 
ktadergo in vivo animal studies, including both pharmacological studies to 
dekcrmir~e the cffkctivcncss of tEac fat-~nufationa for treatment s f  RDS a~nd 
toxicological srlldies ts identifj the proper dose rcgirne. Only those 
therapeutic agents thai are fcsund to he both efficacious and safe in animals 
will progress 10 the next stage, ixm which lzuman clinical triials arc carried out 

ncollatcs Q 187). 

XI11. IN WTRQ CHARACTEE31ZATIrOW OF BS 
REPLACEMENTS 

Thrze differex11 expclrimerz&l tools are used extertsivclj to evaltrare the 
srrl-fiice-active properties af various natural andl synthetic L% fc~rrnulntions, 
including (a) %he La~-agnnuir-'$.Vlii13~"1111y surface balance (LjVSB), often used in 
cam~juaction with ffuoresccncc microscopy (Fhl) La observc surkxe phase 
morphology: ('b) the pulsating butsbie surfactomefer (PBS) aad/or, (c) the 
captive bubble surfnctorneter (GBS). The 'LYilfielmy surfise balance, first 
used by GlemeMs for LS stttdacs in 1957 jl), is siesigned to carry oul cycIic 
film co~npression on a Ila~~,gmkiia: trougt~ and to a l l c - ~ ~  2-tccurate measurement 
of the very Iow surFace ~ ~ E B S ~ C > I I S  flaat are cl~urackcsistic of LS at high levels of 
xnsrnolayes: ednxprcssic~n.. The major utility s f  the LNTSR in thc sttady of LS 
rcplaccmcnls has been $0 nflow the ohser\lation of S&HT"~:&C~ pressure C~'~CC"CES 

that occur wltlzil~ films that are spread directly anto the rlir--\v:iter interFQtce 
(i.~., taot itdscsrbed from the subphase), althougfi adsorbed 5Ems are also 
sometimes studied, kWSB s=xperlmemats allow the gea~cr;zbion of  pressurtz- 
area (Kt-A) isotherms, as sccn in Fig. 4, which are obtained during slow 
cycling of film surface area at dytaan~ic but nsui~physioiogical rates k: 188). 11.1 
con-it~nclian with the Z,WSR, F%4 can provide sensieivl: inlaglrsg of tlac phase 
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A, Sda8:e Area (Az/mojecules) 

Figure 4 Surface pressure-area (n-A> iscsthenl~ of the compression of a 
hypothetical surfactant film that exhibits gaseous, liquid-expanded, liquitl-con- 
densed, artd solid phases. As area decreases, the sur f~~ce  pressure increases until the 
film collapses. Typical lift-off and collapse pressure -i*alues of lung si.rrf;~otant are 
depicted. (Adapted from Ref. 279, with pcl-mission.) 

morphology of LS monolayers or multilayers as they undergo compressis~l 
and expansion on rbe trough. Inecractis~~s between diffcrcnt lipid 
components and,'or between lipids and surfactant proteins, as they influence 
the film behavior and phase mcarpbology, cull be imaged and then corrclatcd 
with other measures 0 6  performallee and surface activity, especially the El-A 
isotherins (1 55,17 1 , I  89). 

The: PBS was developed in 1977 by Enhtsrning (1900) arid applied lo the 
study of LS behavior with the goal of l~btaiulng more physislogieally 
rclevant data 011 the surface tension-lowcring ability of disperhed pufmonary 
surfactants. Experi~saents carried our on a PBS can provide information 0x1 
both equilibriu~lt adsorption and dq'xnamic film con~pression rand espa~asian 



characteristics of a surfactant. Continuous measurements of surcwe tension 
are made on a cyclically expanding and coxltracting bubble surface covered 
with surfact~ant: and can be acquired at a physiological telvlperature (37"G), 
cydiwng rate (20 cycle~j'min)~ and film co~npressi~n ratio (up to 50% area 
compression). This access to conditions mimicking those of the hu~nan lurmg 
is a 171;3jor advan~age of  the te~~lrtique, The resultant data are generally 
plotted as shocvns in Fig. 5,  which shows a curve of surface tension as a 
funchi011 of bu"oble surfacc area (168). Particularly it~zparta~lt are the low 
values of the minimal and maximal sun-face teasians obsc~.iled dlarinlg bubble 
son-apression and expansior~, respectively, as well as the dramatic hysteresis 

Figure 5 Schematic diagram of a typical surface tension (:$) vcr3us interpdcial 
hubble area (A) loop obseried for calf lung surfactant (CLS) i11 5 m,M CaCB2 a l~d  
0.1 5 M NaCl at 37°C- as mcasured dun-ing dynamic osciflationa b~ a putsati3g bubble 
surfjctometer (PBS) at a h"requcncy of 20cycles,'nrain and a bulk surfactant 
concentratinn of l rng,'n~k. (Adapted from Ref. 168, with pennissi0n.f 
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seen in the data curve. Here, of C C ~ Z S C .  the bubble (typically ranging from 
about 0.8 to 1.0mm in diameter) mi~nics a single alveolus. in. addition to 
generating these curves that tlepict dyna~nic surface tension, m e  can also use 
the PBS to map out adsorption istatkcn-tns %or LS (i,e,, to create plots of 
sur fks  tension 7 versus time t ) ,  if the instru~iltnr is rrm ill static sncjde ( 1  9 6  
l92>* 

Because of some initial conccrns aboul a possible leakage of surhctant 
from the bubbke s u r h ~ e  to the capillary tube from which the b~lbble is 
suspended in a PBS, the CBS was developed in 1969 by SchGrcln et aI. (193) 
to provide similtzr data with a lower likelihood cri' surpdctant leakage 
(192,194,195). Thcrefc~re, m;zny consider CBS data to be more reliaiblt: fhan 
PBS data (168.1). Howcvcr, disadvarztages or the CBS inctude its unavail- 
ability as a commercial instrulnent, and the time-constiming and complex 
nature of data analysis (192). i n  vitro charactcrizatio~ using the LQfSB, 
PBS, and CBS can pmvidc complin~entary i~afomation. Standards for good 
in vitro performarrce fiave bee11 established for these iastruments and can 
now bc used as evnluatiiite parameters f b r  kjh~min~efic surhictant fc3rrraula- 
tions under deafelopment. 

%!I[, IN VlVO CHARACTERIZATION OF: LS REPLACEMENTS 

A~simat strrdies provirlc a necessary link between in vitro biophysical studies 
and clinical therapy. Multiple animal rx~odels of RDS have hecn estahlishcd 
and havz prover? invaluable in the testing and evltfuittion of sarfactanf 
ycrfosmance. I~wurtarat evaluatiijn paran.teters inclircfr (a) pressure-volun~e 
(13-C3 [rang mccharnics (see Fig, 6):  (b) lung hnctional pnranlelers [i,c, 
arterial partial pressure of oxygen (Pao?), arterial partid pressare of carbo1-r 
dioxide (Paeu2), and arterial/alveolar partial pressure of oxygen (a,Aa2)]; 
and (c) ventilator-asanciilted parameters [i.e., ventilator rate, fraction of 
inspired oxygen { F ~ c P ~ :  lnean airway pressure (hgAP)* peak inspirntary 
pressure (PIP), and positive end-expiratory pressure (PEEP)], Some 
csmllaon animal s~-sodels ~rsed lo evafuate the efficacy and safely of LS 
fomulations include ~*ats (196) and prem:.nturely born rabbits (197), as well 
as prcmaturc lambs (198-2001, baboons (201)" and  snonkeys (202)' 
'TypicaBEy, in vivo studass evaluate lung dbnmction for either short or cxtcnded 
gferiocls of time; clinically relevant procedures and manipulations arc also 
ies ted. 

Building on successfuI in vit9-o experiments and animal studies, the 
el'ficacy of exogerlous tS repki~emenats is evaleiatcd in clinical trials with 
Lnul-nran imfarles to determine the onset cmd dumaion of the ther:+peutic action 
of the kS rcplacemcaat, Incidence of mortality from RDS, 1yl~ical severity aE 
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re Namd lung 
a ExosuriF 
A Slurfaertapnt deficient lung 

Pressure (em H,D) 

Figure 6 Pressure-vc~lu~~re (P- I)? ciefialicrna mecll'ctnicb or r:ii E U X Z ~  zit 37°C: ncar~xal 
lungs, surfk~ctant-deficient excised lungs, and sficr natwaI QCLSE) o r  synthetic 
(Exosuro surfactant instiliatiall into depleted excised lungs. Normal curve i s  
obtained postexcision, and su~fiactaral-deficim calrve is after multiple lavage\ tn 
deplete lhe: endogenous surfgctamt, Exogeao~~b surfactant ts instilled at a eoncentra- 
tion of 20 rng phospholipid,'2.5 mli, saline for CLSE. and 33.5 mp tipid 2.5 mL sitline 
fix Exosurf. (Adapted from Ref. 7 6 ,  with permission.) 

RDS, rate of recoycry, and incidence and severity of bsrsnch~apve4anoanary 
dysplasias fBPD) and other chronic lung disorders, as well as aay safety- 
related outcomes, are detcsmincd f 1 1,203-20'7). The criteria assessed in 
human rrials of LS replacrmc~~es arc the same as those listed above [or the 
anixnal studies. 

Utilizing these bcnci?m~~~ks fbr evalwntllc)~~, ~iiiri:d~ta~jt replacement 
therapies haw been developed and are uhed to eE~ctively I B ~ I I ~ M ~ Z C  alvealsr 
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cr~llapse at end-expiration and lo increase h ) i g  eo1-8fg~Iianc.e. allowing safe 
reslsiratian of pre~xattarc!y barn infimts, Current LS treatments fall into thvn  

anair1 categories: picvlr,ral and .~yu tJ~~t i ( ' .  A third. pron-rising h t ~ ~  riot yet 
availabie class of formulations is the hirj/rzim~fic. lut~g sutf"Lt.tarrf wplo~.r- 
n~~rzrs, ~hic11 tviIl bc covered later in this chapter, 

A. Animal-Derived Replacements 

Natural surhctant replaecnscnls arc prrpareet from animal lungs, eitl-net. by 
lavngirlg or ~nirzcing fcAIowce9 b~ organic phase extractioil of the 
phosphopholipids and hydrophobic surfdctant proteins. A 11e1rnbc.r of 
different natural surhctant repfacements have been comincrcialized (Tablc 
2). From boctine lungs, rhere arc surfitctant '11'A (Surfacten, Tokyo Tanahae, 
Japan) (9), beractant (Sanrvanta, Abbott Laboratories, Columbus, Ohio) 
(10): Alveofact (Thomae. Bibc;i.asht'Riss, FRG) (1  11, and BLES (BLES 
Biucl~~eniicals, Ont;trin, Canada) (308,209). Btath surfacrant T A  and 
bcractalat are obtained from minced cow llurzg and are spiked with added 
synlhelic lipids [DPPC:. palmitic acid (PA), and tripalmitirr] to stnrldardize 
the compositi~~n and to improlrc thc physical and pf~ysiological propertics of 
tile: mnatcrial. From calf lungs, there is calf lur~g smrf~xctant extract, CLSE 
(Infasurf. Forest Laboratories) (4)- wl~ercas fro111 porcine lungs there is 
Curctsurf (Chiesi Far-maceutici. Pttrma) (121. CLSE, Alveufi+ct, and BLES 
are obtained by lung washing aaad srabsecqt~ent extraction tjf the lavage Buid 
with. organic soJvents. Gurosurfis stb~ained by mirlcillg of the lung,  rilllor~ed 
by? washing, chlc2rsfor111-methanoi extraction, and liquid-gel chromatogra- 
phy. As a result uf this satnpk prsparaticsn, C~arosrirf is devoid of' 
triglyccrides. cholesterol, and cholesteryl esters; it is not really knowr~ to 
what extent this lack nzay change t l ~ e  manner in which it fancaions, 

In vitro biophlisical clmaracte~ixatim experiments have shown that 
nalrxral siart'aclrknts gener-all] provide virtually irastant surfiictnnk adsorption, 
efiicicnt surface spreading and resp~eadi~ag, good film compressibility, and 
the achievement of low susfixc tension during cyclic film compression and 
cxpolzsion (78,180,710), For example; preparalions of surhcxan~t TA and 
Curosurf rapid81 spread lo an cyxailihrizrrm surface ~ensicx~ of 24-27 mK/m. 
ytelding a minimal surfice tension upon compression that is below SrnN!m. 
(For c<>mp;arison, the srtrfitce tension of a dean water surfrace at 37-C is 
aboe~t ISOnaNjm.) Films of CLSE require only 30% ccumpressic3n to acl-aieve a 
simil:trfy HCPW s~trfixx tension 4 1 80). F~lrthermore, evaluations of material 
pcrfor~na~~cc based onr animal ~nc~dels of RDS haa:c shown that natural 
surfactants typicaliy provide good oxygcnatiorl, pulmon;iry pressure- 
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villumc characteristics, and slit-vi\.af ratus upan treatnlaent (71 11. Finally.. and 
tilore importantly, clinical trials have demonstrated tl-tc efficacy of ilatural 
sur~dctiznts to treat or prevent RDS in prellsaturc infitnts (12.2 12-21 5 ) .  

itliffiougltl natural LS formulations are both functiol~al and relatively 
safe, there are definitely a few potentially grave risks associated with 
sourcing a human medicixac directly from animals. Because natural 
surfi~ctants are extracted from ariixnal lungs. i t  i s  impossible to elin~ixiate 
the possibility of cross-species transfer of antigenic or infectious agsfxts, such 
as scrapic prion (216), or oiher unfareseeablc biological contan-tination 
(187.217). In addition, because the bovine and p o r c i ~ ~ c  sequences of SP-B 
and SP-C' are only about 80% hmmologous to tfic human scquc~~ccs, these 
animal proteins have the potential to be reeogllized as hrcign by the human 
immune system (124.27 8-21 9). la~ltihodics deicloped to these homolc3gous 
protein sequences could potel~tially illactivate the natural human proteins 
and lead to respirattjry failure ( 1  241, This has not yet becn found to occur in 
aaewborws. buk foi;,r adults with ARDS, production o f  such antibodies could 
be a scrious p r o b l ~ n ~  (216). Furthennore. the isolation of LS from animals is 
an expensive process that can prnducc variability in LS composition as a 
result of animal-to-animal ine~~nsisteneies. Animal-derived preparations 
(e.g., porcine Curosurf) arc genmeralby two to three times as expensive as 
some currenlly avaiiabfe synthetic surfactants (e-g., ALEC) (187.216). 
Finally, because of limited supply, the clinical use of naralral surrfiictant may 
be restricted (34). 

B. Human-Derived Replacements 

As an alternative lo aninsal-derived repiauenlents;, hutnarl lung surfacbant 
can be hanested from the alnniotic fluid of full-term pregnancies. Lung 
surkctanzt 8s s c f r ~ t ~ d  by a r ~ a t ~ r i l ~ g  fetus into the alnniotic fluid %n utero, 
and is present along x i th  contamim~atirmg lipids and profcilzs. W11ole human1 
surfitctant, obtained undcr sterile conditions from term amniotic fluid, has 
been uszd successi\ull"in several studies with prc~naturc infants (312,230). 
Hotvever, human LS coilecled by this  neth hod has been shown to keve 
reduced activity in co~npariso~i with extra~ts  of animal lung surfrzctant, for 
reasons that are nor comltletely understood (222) .  J+[hile the il~lilaunoget~ic 
risks arc  reducccl as compared lo animal-derived subslances, they ;.are 
r~cvertheless still prcssrzt in hx~~nan-deril~ed LS. Furtf~ermoj+c, there is a 
possibility of discasc transmission. Finalfy, a low stapply of good-quality 
nmniotic fluid-derived LS drastically limits its clinical use and nxakcs it 
commercially unfeasihiat as a therapeutic replacement. 



To obviate tlte risks associated with r~aturz-ll s ~ r ~ i e t a n t  replacemnents, 
synthetic furmulations X~avc keen developed, Currently tl~ere are two 
synthetic 17roducts commercially aailaI.sle: ALEC (Pumactant, Bsiranl-ria 
Pl~armaccuticals, Redhill, U K) (1 3) and Exosiirf (Claxo Wcllcomc, 
Research Triangle Park, NG, USA) (14,) (Table 2). The '"artificial lung 
expanding compound," ALEC. is composed of DPPC and PG in a ratio c ~ f  
"83 and i s  suspended in saline at f CIO rng,ml. In this f ~ r m ~ ~ l a t i o n ,  PG serves 
the purpose of promoting the spreacliazg of DPPC at the air-liquid iniercdce 
(52).  TI? Exos~arf, hexadecanral and tyloxapol are added to DPPC to serye as 
sgrcading agents, crcating a suspcnsio~i consisting of 13.5: 1.5: 1 (DPPC:lscx- 
adccano1:tyloxapoi) by woigha in a saline solution, with a DPPC 
concentration of 13.5 m g i  m l .  Britlennia Phar~~~tzccutical has voluntarily 
suspended the marketing and distribution s f  I%umacta~~t  (222) pending 
f~xrtber ir~vestigatiorrs of clir-tical trial rcsufts that indicated the itladequacy of 
this sy tlrhetic fornulatiion in comparison with nrz t ural s~uFdctant [223), 

The advamltages of synthetic surfitctarat replacements imlclude their- 
lower cc~sk as weil as a reduce~l potential for antigrxjicity, viral and protein 
contannination, and product variability. Clinically, same synthetic surfac- 
tanis have hcun shown ko bc retisonably ef'fcctive in the P ~ S G ' U C  of prelaiakure 
infaants, FOP exampie, in a 10-center trial of AI-EC, mortality GTas reduced 
from 30% in control infitnts to 19% in treated infitnts (224). Hawe~er ,  
ALEC has been shown to be less effective in the treatment of babies with 
es.aarPlishcd WDS. oflen caking several hours 5 0  prczduce the desired 
response, whereas natural surfactaats take effcct much morc rapidly, 
Sin-8ilarly. Esosutf also improves lung runction in babies win11 RDS, but the 
tl~crapeutic rcspe;;\nsc appears to bc irregular and may jug matcriaf 
administration by scvcrtnl hours (225).  f-lcncc, in so~nparison with natural 
sur6;dctarat replace~l-nents. synthetic surf&etant replaceme~~ts lacking ~urfac- 
rani proteins g i ~ c  inferior performance, -with the reported loss of one 
aclditjoaal inhzt per 42 treated (213,2161, This illcreased mortality rate has 
been attributed to the absence of the surPdctant proteins SP-I", nnc3 SP-6, 
which are known to potently irnprove ~urfactant activity (211). 

A meta-analglsis of seven clinical trials involving more th;m 30011 
inhnts was carried out to allow a comparison of the cfflicacjl of natural 
surfactar-it replacements (~nainly Survanea) tvilh that of the synthcine 
s~rfactant replacement Esosurf. The meta-analysis re%-ersled that nrrtura't 
surfiictant re.placcnrments typically show a slightly superior perfomance, as 
observed in the generalla: lower posttreatment oxygcta rcquiruxncnts of 
lreakcd ixapdnts, arid a lower risk of rneoizatal rr-torcafity barlaen the natural 
bisnaatcrial is administered (226,227). 
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XVI. BIOWIIMEVIQ: SURFWGTAWT REPLACEMENTS UNDER 
DEVELOPMENT 

In light ofthe disadvanliages present in both natural and synthetic surfactant 
replacements, rescarchcrs arc evorki~~g to dcvclop biomimclic surfactant 
replacements as an improved treatment not only for neonatal RDS but for a 
broader dass of patients arnd respiratory disorders. From a molecxalar design 
aspect this is a tractable bioengineering problem, as a reasonably good 
tmderstandiglg of the coalposition and kilnction of LS, as well as the 
deficiencies of current LS replacements, has been established. It seems clear 
that biomimetic LS replaccmcnts should be designed to capture the 
acfvantages of synthetic 12roducis (i.e+, to be nonimmunogenic, to exclude 
all infectious agents and biologicaf risks, and to be chemically pure, 
consistentljl fiPm~ulaled, and cost cffcctive) while truly millaicking thc 
performance and efficacy of n~ataral surfactants. Up until ihis point, the 
most promising design avenues have Focused on utili.;s,atio~a of a combination 
of lipids with spreading stgenb that somehow mimic the hydrophobic 
surhctaxle proleins, Typically, the lipid fraction will include DPPC, PC+, and 
PA. However: the selection of rhc lipid ~oggllpositi~n will. d~pend  on ~vhicl~ 
SF-B ziladior SF-C analogues arc used as spreading agents in formralatiing Ihc 
LS replaccine~~t ( 1  60). 

Since the inferior pcrfolmancc of synthetic LS has bccl~ uttrihtcd to 
the absence of the surfactant proteins, various groups arc working to design 
biomime~ic versions of SP-B a~rd  SE3-C, Approaches being ttbken range from 
the use of rsec~mbinant molecular biology to direct ckmemieal ~ynthehts of 
these proteirrs or fragments thereo1: txrifb sequelltes that are either similar to 
or completely dimrent from the native human1 sequence. Hn all cases. prcscllt 
knowlcdgc of the strucrurc-function relationships of the prc~fcin~ i s  eakcn 
iatv account ia order to design SP-B and:or SP-C analoguts that can serve 
as effective spreading agents in an ES replacement fonnufatio.~~. 

One approach to biomimelic b,S replacemen[ dmigra is the deveiopment of 
recombinanrt proteins, with thc goal of creating SP a~aaloylacs that are highly 
similar to eRc natural proteiras. k3owcvcr, the isolation of recomhinanl 
hun~r~n  SP-B and SP-C protei~as froan a ce81 culture broth is a nontrivial task, 
Recon~binant SP-&: pro tejns (rSP-C) with the rlatursl human sequence have 

1 7-9 beexl expressed izrr E, coli (15,16,22k,~,9.298). but recovery of the protein can 
be difficult, probably at  least in part because of the extreme hydrophobicity 
and its resultant strong lcndcncy to aggregaxe wit11 i tself (16). This rSP-f: i s  
currezjtly kcizig ma~*luI:dcturL'd arnd researched hy Scic~s-Nc,tia (Stmayvale: 



CA). To iaxcreatie &I%e cfia~lces of good pr~aleit-i recovery,  lie human SF-C 
sequence also has been rertesigne~i by wmc resear~Eiers, ialcvrpr)r;ttilag amino 
acid substi~x~tiuns via standard olioge~nzscfeotide-dii-ected nttltagencsis, Bla 

thc r~lritalat rSF-C3 f Cys-Ser), ?he cysteines at pcxitions 4 and 5 (Fig. 3a) arc 
replaced fvith scrincs kcb ~ c d s ~ c  the likeIihood of protein oligontcrization via 
the formahion of disulfide bornds (15)- Similarly, in the ~nur-ant rSP-C 
(Cys-+Phe and hfet--.PIC), pher~ylalcznincs replace the cysteines at positions 
4 and 5 ,  whereas isr>;be~acine replaces rnetl~ionia~e ;it posi$ioia 32 f 16,2288) to 
redtacc el~e tettderecy to aggregate ( I  6). This rSP-C is n~an-k tbc tu~d by Byk 
Gulden Pharaxaceuticals (Konsianz., Ger~~nauy) and is c~rrrently being 
i~svestigiatrd (1 6). 

Biutn~irsietic LS rcplaccmcnt fbrmulatiorls that laacIudc recombinall$ 
SP-6 havc shown p o d  biophysical activity in vibx-o and in vivn. Hswever, in 
animal studies, complarison of these ksiomi~nehic Ibrmutatioras, including SP- 
C ganty with tialural srtrfactants that lnclrade both hydrophobic proteins, 
rtt~ealecl tTn;i-~ the recoxnbir~an k surhcta-ra~ rormulalioras show poorer 
g.rcrfr,rt~~ancc. as ixldicated by a lswer mean PO:! value and 3 higher mean 
F102 value (1 5,16;8, I t  is e an clear ir\ltlethcr this drop in perfetrn~aacc rcsulte; 
from a lack of SP-B in the biomimetic .fkst.meelatiora, fro112 diffcsc~ic~s in the 
SP-C mimic sequcmnce: s r  fkom a Klghcs incidi-nce of S13-6: protein 
apgregatiofz and misfofding than in the llatural inciterial, 

%n a11 alternative approach, the cxpxession af rSP-6' has been 
perft>n~lied in ekilharyolir: sybtems such as baculovirus tc, enable ~~osttrar-xsla- 
tic~nal modifrc~tion of the cys.reil~c. resiciues with the palmitoy1 chains that 
3rh: naturally yrhssel-rt in burnan SP-C, Palmjtoylizted SP-C was expressed and 
purified by this mcthc~d: hoet.cvcr7 thc yidd uf thc desired mnaterial was only 
155% of the eorztf product isolate (37). fn addition, bectkuse of the 
tlydrophobicity of thc protein i r r d  other problems inf-ncrent to eukaryc~tic 
systems. prolein expression Bevels ~ w r e  low. The activity of this galmitoy- 
laled rSP-C in cc>mparisc~n $0 raonacylaled SB-C has not yet been 
i~xvesrigated (17). Sig~~ifacan~ impre~vemestts are rcquisecl to make protein 
~.srad.trction in insect ccllc a cosn-effective rxlcaxls o f  producing SP-C for a 
esmmcrciak surFdct:~:ant: rcpfacc~~~cnt, &firreover, although rSY-C-based t S  is 
much safer tharn animal-derivcd LS replacemenss, thcrc still e'xists thc 
possibility of an ur-nfavosahlc irnmunc rcspoasc frcxza ik~reiga pra~einls present 
in the ~ e c t o r  (e.g,, E. tali or baculovirus) used for the cxpre~si~xn of rSF-C. 

Regardi~g khc larger and more complicated hydro~~hobic surfactant 
proteir.8, SP-B. attempts have beer? nlaiie k r t  express i t s  rnaktrre farm in E. cobi 
using a lrulmcated huanan SP-R cDNA ( I  8). This reco~nlsinan~ pi'oieja~, whic%.i 
ended up to he opproxi~xatesly eight residues larger. khan natural SP-B, was 
produccd in E. c z o l i ,  but cxprcssion lc~cls wcrc extrcmcly lc~w amid i t  was not 
known to what cxtcsmt 'ihc corrcct disulfidc b o d s  had for~xcd (Fig. 211). The 



li~rritcd rccoalcry of t11i~ lolager length SP-B versio~z nn2ost likely relalea 1 0  the 
l~ydrophobicity and surf;%cc iictivi~_ai of ~ l \ c  protein ( I  8,230). F~lture eifiorts to 
produce the correct suytielzcc in high yield wjlI involve the usc of fksion 
proteins (c.g., fusion of' SP-B ~ ~ i t h  /)-galactosidnse) (18). To date. thcrc has 
been 1x3 19ubIicaliorl describing thc sxpressiol~ of. il fil11ctitan;~l. active. 
rec;ur~~bin:tnt SF-B protein. 9yVithout a method that yields the correct 
scquerlce jwieh xhe csl-r.ccl. fold ;e~lcI  distllfide ~ O T I ~ S )  in suf~icie~zl yuiaw~ity, 
eltt: prc~duction of r e c r r r ~ ~ h i n a ~ e  SP-R for thcra pcutic purposes will not he 
feasible. Thorckk>rc, the c-lcsi-elsprmnent of ki67ri1imct1c SP nsilz-nics hy otlter 
mcaaarj i8 8 ~ ~ o r r  hwl~iic and importan1 biocngineerin~ gstzl. 

B. Synthetic Polypeptides as Surfactant ProteSn Mimics 

A more feasilAc solulittlz for the develapuacni ta l '  hiotnirncric spreadir~g 
izgcmats is r l~c  use of orgauic ~lzc~a~icak n~erl~nds to synrhesbe: polypeptide 
\rc.rsicpns of SP-LFt and SP-C. Results from structural and physical 
experinlcnts that prcsviiic structure- fi~nction carrelationr; have bccn invalu- 
3bie in tlrc cfforts to create srrcccssfitl SP lnninlics by this ~ou l s  
(fsl1,107.f. 18,133--135.148.15ti,l62,I71.531), Designs for synthetic SP-B 
allalvguei; h:ivt. fr,cuc;ccf on ~ximicking xhe ~n~porf;il~t strtrct~~ral features nf 
the proteitl. drlcluding its n~mtphipail>ic I~elices with opposillg polar (i.e.. 
positively charged) drld hydrophobic Fdces ( 18,20,37'r. En the ctase of SP-C, 
dcsignh h a ~ c  been crcatcb ro mimic its hydrophobic hclix. ~a;ith attention 
alstj being paid to the two adjacent positive charges near e h ~  C tcmirnus 
(lJri), palrnitoyljuiion of the cysteinilq &26,f45,180), and the length of the 
~rilyl-ricfi helix ( 37 A), which serpposcdly spans n lipid hilayer (27- 29,232), 

Syl-nahcricaily cngjnuered peptides circumaient manj' of Iliac problems 
;tssc~ci;lted wieh currcn t purificatio~i 17rocedures [or a n  i~a~al-derived s~si-hc- 
tallks, and shoimlitl fiieilit:~le the pr (~<I t~c i i t )~  of sufficient qtlantilieb of ~naterjaI 
for its utrc a?; a ~hcragcutic agent for rrcatmcnt of other respirator)/ diseases, 
most p2rticularly in children and adults. %fcp~covt^r: ra signi6ealat number of 
these synthetic, biornir~~ct~s. palypcpride ~a r i an t s  dsvrnc quitc dissimiI3r in 
scyuence from the natural SP-B and SP-C, as: we ~ 7 t 7 7 i l l  discuss) have been 
fulal~d ta be biophysically ft~nctionaf is-l x7i11-0 ;ind ~ Z I  VIVC). A variety of 
syn~hetic polypeptide-base44 SP mimics havc bccn s~s~cessful lo some clegrze 
in p~-s~ntatimg ehe ;~chievement of low sarrfitce tcasior~s upom lilm coxmpree;- 
sion, rapid rcsprcading of surkic~ant lipids a t  ;an i111zr&3'ace, alad [he rescue of 
prcmazua+dy born :inimals with R Df;. 
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Because the SF"-B protein is relatively large (with regard to what can bc 
mndc OII a peptick syrathesi~er) and structurally complex with its IIUMC~OUS 

disulfidc bonds, both rccombil~ant and chelz-aieal synthesis of the full-length 
human SP-B scquc~lcc arc challsngitlg e~~deiivclrs. Based on a strong 
conserafatioll of the SP-B sequencc in various 1nar~ma1ian-n systems. peptide 
analogues have been ternplated on thc human SP-B sequencc, based an a 
desire to retain the correct structural configt~rarion of the molccule (see 
Tahle 3 Tor SP-FP designs). Rcscarchers have designed, synthesized, and 
cfiaractesized sjnlthetic peptide mimics of the full-len~th human SP-B 
protci-s.,. as well as  tnanciited peplick sequences tl.ral represent difkrent 
regions or donlains of tllc protein ( 1  9-21,163,233,234). Because synthetic 
vessio~~s of kll-length SP-B produced so fiir do not reproduce the three 
pIqsirrlogica1 disulfide bridges, I-rcterogcneity and oligomerizatio~z af these 
peptides is I-nlghly likelp. Ncvcrtheless, rhis as well as ofhcr SP-R analogues 
based on synthetic peptides have been shown to have respectable 
biophysicr-rl activity both jn viara and in viva. t S  pregaratio~~s that ~ormtain 
these synthetic peptides provide ixnproved cjxygenaticrn and lung compliance 
in surhetant-deficient arxi~nal xnodels (1 13,235), 

Intcrcstingly, the amino-tenni~zal, a~nphipaahic dclmain s f  human SP- 
B (amino acids 1-25) has been sllowgl to adopt a lzelical conforanation (236) 
and to possess many of the important surface-z~etivc properties s f  Pull-lc~~gth 
SP-B protein, when added to biomimetic lipid mixtures such as the so-called 
Tanaka lipids [i.c,, DPPC:PG:PA in a ratio of' 68:22:9 by weight (160)f. 
Specifically, upon comprcssic~t~, an SP-B (1-251, Tanaka lipid fornulation 
rcachcd low smrfticc reasion and was shsun to ilnprove uxygenatisn in rats 
in vivo (I9,28,23,1). Xntcsactionlns of" this amino-terminal fragment of SP-B 
with anionic lipids is hclicvcd to ilzduce xf-ne coexistence it1 the film of Oat and 
bucklied monolayers upon collapse, thereby reducing surface tens9011 and 
improving respa-cladiag during film cfpmp~e~siola. and expansion (1 63.164). 
However, the synthetic systcm it-ncl~lding SP-B (1-25) in glace of real SP-B 
prcttcin has been &own to have a signifitantlp slower rate of adsorption 
than natural surFztctant, ;a disadl-cralage that reduces its therapeutic value 
( 19,3.29). 

Modificarion of ihe: ~iaaural SP-R aalainilo tcrrnint~s (4-.25), with 
substitutions of hydrophobic, charged, andtor oligon~erizable residues 
targeted to potentially improve its s~1~1Fuce activity, was not l''c3c~und to 
irrmp~cave the ads~)~pt ic~x~ rate of thc molecule (20). To addresh this issue, 
peptides matching sequential, overrapping regions of SP-B wcrc synthesiaccl 
sg sternatically. and each preparecf with a lipid mixture of DPPC:PG (3:T by 
%vciphtj. En trivo studit. irn fetal rabbit lung revealed that some of thcse 
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synfi~etic peptide surfaciiznts did provide a n  increase in  lung cc~mpliance but 
that their adsorption rxtcs werc still suhstaxrtially slower fhan that of native 
human surfc~ctiult (233). Other studics of thc activity of differ-znt regions of 
SP-I3 ycptidc have rcvcated that pcptidc fragi~lcnts including thc ~trboxyf- 
terminal residues and composed of at lease 17 amino acids accsijerate 
surfactant spreading and improve static lung compliance in prcxxatul-e 
rahbitb (21,22.233). Other modified, truncated SP-B I'sagrnen~s derived from 
both bovine and hunwn sequences have been cyttehesized and chafituierized; 
the surface activities C P ~  these peptides have bcrn studid err 31% L\$fSB. 
InttlrestinpHy, higher activity was observed in analogues that G P ~ S C ~  shotfied 
greater overall helicity by circular diehroism (CD] spcerroscopj. (23).  

Since the natural, dinaefic form of SP-B protein is considered to be of 
impartmce for optimal function of LS rcplk~ce~~~ents, a dimcric version elf 
the 1°C'-lerminal se_gment of SP-B has been synthesized. 111 p~~rticufar, a 
di~neric fcsrn~ of SP-R 61-25] was engineered by the replacemeall of the 
cystelnc at position I 1  with an &lanine, ~1~t.m.e.as the rer~lairzil~g cysbeiske 31 
position 8 was used for dirnerization via disul5de boxldinp. &:oml?arison of 
ntonomeric and dimcric 51"B (1--25) in premalrrre rabbit and lavrrgcrl rat 
mtjdels show that the dimeric forrm is xnore efficient than the Bnoraulxer in 
improving luog fua~ctiun (25). Ho~vever, natural SB-B is di~nerizcd thrc)ugh 
residue 48 in its seyuexlce. distal from thc 8-35 sequence used ilkm :his mimic, 

14. P~lypeptide Analogues of SP-C 

In contrast to SF-B, the SF-C protein is n3onomcric kind quite sn~alt; 
therefore, it is feasible to chemically ~ y n t h c s i ~ e  a ftalI-lengtl-t version of it, SP- 
C analogues have been designed to mimic br7tT-r the sequence and the hided 
conformatiora of the humten protein (see Table 4). A challenging ar;pcca in 
 he ~ynlhesis of human SP-C is engineering the a~tachrrrcnt of ehc two 
adjacent palnaitt3yl groups at i>osi$ions 5 and 6. the tibsence af i+lticl~ can 
lead 10 the fcarn~alion of irsevcrsiklc [j-slncct aggregates sf SP-C (237) aeid to 
an accompanying reduction in surface achvitg, (142). TWO diiYcrcnt 
approaches that haax bccn takcn for syr~tkctis; SIS-C palrnitoylation are (a) 
BSC of ~ u c ~ i n y l a ~ ~ t i d y f  pillmitilfc C$erivafl\res (238) and (bB fomaation of :e 
thiocster linkage via a patrnitoyl chloride reaction (239). 

Fealf-length and truncated t~unpalrmritoylated versions of human SF-C 
protein lzave already becia e~aluatcii as eomponenal s sf a n  81-tilicial 
surfikctant (26). Thcse SP-C ~~iimics,  in ~ o n j u n u t i c ~ a  wigh a DPPC:12C;:PA 
lipid rnixturc (75:25:11) by ~veight),  display proxsaising activitj in vitru on an 
LWSB, as well as in a~ika in lung pressure--.;oluanc cusvcs obiairred for 
premature rabbits treated with the malerid. Morcovcr, it was shown tf~;zl a 
nonpalmitoylatsd core sequence coa-rtaininp residues 5 31 or 6"--32 of  &he 
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total 35 amino acids seems to be sufficietlh to n~illaic virtually full biophysical 
activity bath in vitro and in vivo ('26). However, other researchers have 
sj/ntl~esizecl the full-length SP-C peptide and palnzitoylated it with 
succinylarnidyl palmitatc, and Ilavc reported that the hexadecyl a~~odificatian 
of cysteinc residues 5 and 6 is critical for the protein's surhcc activity and 
biophysical function (14S,lkb7). Furthcmosc. modified, dipafmitoylated SP- 
@ peptide ia cornbitlation wit11 the "Fanaka lipid f'on~~ufation was also shown 
to improw. lung f~lllction in lavaged rats (235) and in premature rabbits 
gzss). 

In the canine SP-C protein, a glthetlylalanine residuc is s~~bstituled for 
one of the palrn?ieoylatcd cysteifzes (28,%&). Hetmee, another approach to the 
synthesis of SP-C lnimies h i s  been thc rcplncen~ent of palmitoylzted cysteine 
residues with pbenyfalaninc residues, a mimic that has bccn calicd SP-Gff 
628). Other analogues have introduced serfne substitutions for the two 
cysteine residues (28); howea~cr, in vitr~p resull~ that differ substamatially fro111 
natural SP-C perfornaance have been reported. Spccihcally, both Scr- and 
Pise-substituted SF-C ax-ealogues, in conlhination with the Tanaka lipid 
waixture. were fisurld to have inferior spreading propcxties in compasisla~a to 
a. fijrmulation thal rontaills natural or native SP-C 128). 

Studies have shown that the r-helical esnfi>lemntion of SP-C proteiia is 
important I'or the rapid sprcadillg and low surface tcnsiorr that are exhibited 
by lung surfactant (28.232). Thus, the poor performance generally observed 
for LS replacements that contain synthetic SP-f2 has been1 attmhuted to a 
fow a-hekical canterlt of the polypeptide (28) due to iarc~arreet folding of 
chenzicalfy synthesized SF-C (2411, In i t s  physiological. environment. SP-C 
protein exists in complcxatitln with a high eo~~cenlratic~n of lipids. which 
enablo thc propcr foldirag and subscqucnt structural stability of thc xaotural 
chain eo~~figura-iion. 1x1 tlw absence of lipids, the native polytali~~e s~reteka, 
i ~ h i c h  is extraordinarily hydrophobic: has a ~ t r o n g  tcndex~cy to ~~lisfold into 
fi sheets and aggregate in ~lonphysiological environments (24 H ). 

To overconae these challerages in syn~thetic SP-C production. se~eral  
SP-C analogues have beern designed with modified sequenxces in the 
tlydroph~hic btrctch to aaakrximize helicily and minimize fi-sheet formation 
and aggregation. In one design, the polyvaline szrelch was replaced with the 
transmcmi~rane helical rzgion (42-64) of "sractcriurhodopsin (BR), seport- 
edBy resulting in an SP-C",'BW ~inalogaas with secondary structbalrc and 
spreading kinetics s i ~ ~ i f a r  to na ive  S13-9: (28). In other SIB-&' ama&ogues. 
replacement of the valine residues with either polylerncine or polynorlieucine 
residues was shown to enable the rapid surface spreading activity of the 
natural prolein In vitro, and 10 f ~ n p r a v ~  static lung compliance in preterm 
rabbits to levels comparable with that of ~ ~ m + ~ a l  lux~g surfidctanl (e.g., 
Beractant) (29)' Anotl~er design approac1.r prcscribcd the replaee~nent of all 



the vaiine residues with leucine residues, the ~ ~ b l i t i f ~ t i o ~ l  of both 
palmitoylcystcines with set-ines, and Ihe deletion of histidi~~e from the 
sequence. This SP-C (Vaf+Lcu; Cys-+Scr) a~liilc~gut: was detennineci to 
have a helical, traxlsbi35ayer orientation by Fourier transfarm inflrured 
spectroscopy (29) and reportedly to exbibit in vitro surfacc activity 
resembling that of native SP-@ (29?30). In viva studies of this SP-C mimic, 
inr combinaeicrn with the Tanaka lipid cocktail in rabbits, showed 30% 
improvement in clynamic luaag compliance when coanpared with urmlreated 
greltBatuse rabbits (291, However, unlike modified natural str~facfaamt (242), 
this SP-C st~~alogur did not succeed in restorirlg dynamic compliance to 
healthy Icvels (29). Then again, the material that was tested lacked SP- W, 
having only a mimic of SP-6, so this may not h a w  been a fair ctlmpariso~z eo 
natural LS, which contains both SPs. 

Part of the problem with ifie n~odiKbicd SP-C (Val-Leer Cys-.Ser) 
peptide may arise fmtn its ability ttcb aggregate via fajidropt~rsRic: association 
of the pcalylehrcine stretch (29). To circumvenl this dif5cufty, one group 
introduced lysi~le residues at positions 17,12, cind 27 nf Il~is region to locate 
positive charges itround the helical circwnfcrcracc and thus prevent 
hydrophobic aggregatios-r by ionic repalsiolz. This SP-C (LKS) analogue 
showed good surface activity but was inferior to native surfactant, 
and showed a particularly high dytlan2ic maxim11111 surface tension 
I; - 42 mN/rn) (30)- 

What is striking about these studies is illat marly grolmps have designed 
peptidc rnirnics af stnrFxtant proieins B arxl C, ancl all have actsie~ed some 
degree af success in creating useft11 LS rt3pXacex'gtenfs using these diverse SP 
mimics (Tubles 3 and 5) .  'This provides strong crridencc that this biomaterial 
~gr~tern %S tolerant to modification, at least for its use in acute rcplsrccmcrmr 
therapy. This i s  perhaps to be expected, since it seem that surfzctamte. 
proleins inteaact pAmarily with lipids, which is likely to be an interacGoni 
with mucla Zesc specigcity than many types of biomviecufar associations. 
Researchers are also making progress in khc development atad eharaeteriza- 
tion of sli~nplified pegtide mimics of SP-B and SP-QI: f c ~  use as bismlmetic 
spreading agents in cxrsgc~aous LS rcplaccme~zts. 

E, Simpiifisd Peptide Mimics af SP-B and SP-C 

Strict sequellee conservation may not be necesstir) 10 retain the proper, 
taclicat secondary strwct~tre anxd surkee activity of the native s~arPaclanl 
yroteirns, Some groups have created simplidicd, an~phipathic peptides xnd 
tcsrcd them as minlies of SP-B and SP-C (Table 5).  Small peptides offer the 
advarmtages of being less imma~nugenic (243'1, easier to produce, and Icss 
costly than lung-chain pepaides. 
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Taking the advantages of small peptides into account, watcr-soluble 
synthetic peptides have been designed with sequences unrelated lo native 
protein SP-B, but also coding for helical amphipatlzic structures. in the hcrpc 
that llaese moleeplles will have suitable physical properties for an LS 
ueplaccnacrtt. /?in amptnipathic a-fiellicat peptide ~a l lcd  18As (a 24-residue 
pepride from the lipid bit~rling region of plasina q~olipopro~ein) was 
designed and was sfiown, in combin:rtion with DPPC. to be rea~onably 
effective as an LS replacement both in vitro and in viva (31) .  Thc success of 
this DPPC!38As formulalion Ied ,VcGBcan ct aZ. (32) to develop n series of 
model amphipalhic x-helical peptides (MAP) to be tested as pvtcntisll 
spreading agents for' DPPC. 01' these. %!MAP10 (succinyl-LLERLLEA'LM 
amide) has shown the greatest pnx~lfise as a spreading regent, purportedly 
because it was dcsipllcd to  he crptilnally l~elical, by f a )  facilitating iI1e 
f"or~natis11 of salt bridges between side chains: (b) neutralizing the negative 
charge on the C terminus; and [ c )  introducix~g a ncgadatru chzrgc at the N 
tentinus, In viva testing sf hrMLcZPi(B function dcmai~strated the rsstora- 
tion of :tcceptable pulmonary compli~lnce (321, but in vitro expcrilnents 
showed Y~OM. spreading of  the m~ter ia l  at the air-liquid i~ztcrfipct? frezchitag 
yspEarl 45 mN,'rn, which is also a relatively high surface tension for arz LS 
rcplaccmen'k) (29,33,). 

In work along "Ihe same lines, Cochrane ct al. (33) developed the 24- 
residue peptidc KL4, wit11 a repeat sequence or lysine followed by four 
leueine residues, 'The design of KL4 was ptstterned after the amphil3athic 
~harticlcristies of lime SP-B helical domain (SP-B 59 80). which had bcen 
shown in prior experiments to be biophysically active as a pcptide ii~tgmcnt 
(233). RL4 is also rreasirnahlq active as at1 LS spreading agent, It has been 
proposed that the Kl,4 peptide assaciarcs with the peripheral regions of thc 
Ip%d bihyer in suc1.a a way tlrat pcjsilively charged residues iniemct wit13 the 
polar Iipid headproup while the hydrophobic stretch i ~ t e r a c ~ s  tiitfn lipid acyl 
sidc chains (33). Contrarq results. which seem nxore likcty EO be ctsrrect, 
suggest that the KL4 peptide is in a rransbitaycr orientation in  a. lipid 
envirh-rnmene (244). Regardless of the orierltation of KL4. in cumbinntiols 
with a lipid mixture of It9PPC:POPG C3:1). the peptide has bee11 shown to 
create ten active esogenokks surfzi~tant for the trcatnltlnt of  i m ~ n a t ~ ~ r ~  
newbnrrl rabbit& (33) and rltesus maaraley~ (245,346). However. cttnccrns 
about thc pow spreading kinetics of thc KL4<lipid mixtars iku ;t,,L,,d - 
37mN:m) have becra raised, and a~c" e~idcnced by a rcduccd cfficienq- of tl-iih 
novel formulation in comparisox-i wr lh nti tivc $P-C and SP-C 1 BR in 
combirnation with a Tarmakha lipid mixture (544). 'This may explain why. 
when KL3 was added to a bovinc-derived LS with 10% SIB-B conlci.nt 
(Srarvarat;~). oxygenation mTas not improved in lavage$ adult rttts as 
comptired to the use of Surkanta alone (241, Nevertheless, a r ~ d  more 
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i~~iptxtan~ly,  premature infants treated with a mixed KL4-S~irhtctcra 
li~rs-wutatiotl (DPPC:POPG with :I ratio of 3:1 with 15% PA and 3% KL4, 
by weight) do show rcstoratican of a~.terial-to-at\~e~31ar oxygen tcn?sicpn rarios 
to 3 normal range within 12. h: suggesting a reasonably good efficacy of ellis 
s ~ r f a i l ~ t a ~ ~ t  r~piacelncnt 6244). Though promising, rhe clinical efiency and 
safety of this formulatic311 has yet to be fully establislled because of thc 
limited number o f  patients ila which it has bcen studied. Faxrthcrmen-e, 
contparis~>.,ns witla other comltael-uralfy av;iifable surfiictants are so far 
unavailable. 9:urrcntly. this formulation is referred to as SurCixin (1J.S.- 
ariopted namnc Sin;tpulride) aald is prcx.luced by Discc~very I,ahoratcry 
(Doj~lcstczwn, PA). Isivotal plaase 3 trials are I ~ O W  being establishecl to 
cvaluate tlze efficacy and safety of Sul-Fdxin for trcatnlens of prcmaturc 
infants with idiopathic RDS (8). This trial will s t ~ i d y  approximately 1580 
yrerlmature in&tnts in Latin Arracri~a and is desigraed to compare SurFdxia 
with cttrrenlly a.i,ailable surfitetauat replacements (248). 

F. Polypeptoiid-Based SFa Mimics 

A more unusrtal approacll to bior~liznicry of the SP protcins is to develop 
rt~~alstgucs based 01-9 nonnrttural peptide xnimics that ofrcr gt-cater in vivo 
stability sad easier production while still n~ilnicking the helical, amphipatkic 
st txiict ure t9E thc nat~aral antalecules. Alonp tlmese lines, an altcrrzative and 
rxaavel hiornilmetic surdk~tanl relfilacemenk ctizrently bander development in 
c r w  laboratory is ox1 the use of pt~ly-"J-substituted glycine, or 
polvyej~toicf~ SP mimics as additi~fes 1.0 lipid mixtures. Polyl'~eptoicis are 
nulmaturizl, scquc~~ce-specific polyra~ers that are based crn a peptide 
backbonc but differ iiom peptides in ahat their side chains are appcndud 
PO the tertiary amidc n i r r ~ g e ~ l  rathcr than to the trl CBI'~L)HI (Fig. 7) (249). This 
diflrerenee in structure has been shown to rcsult in virtually complctc 
protease rcsislatace for peptoid analogues (251)). Peploids also offer the 
adv~entages of low immufsogejticity (3511, Fwilc productit~n on a peptide 
syntlacsizcr (2521, and a low cost relative to synthetic pepiides, Peptoids with 
2-chiral side cllailas have becn designed and shown eo form stable, lielical, 
se~b?116;1ry structurc~ by ih3D (252,253), 2D-NMR (254). and tnolecutar 
~1od~li11g (255)- f3cca~1.l.~~ peptoids arc N-substituted and laernce lack arnidc 
flq'clropen f701~cis. thcg cat~nut form fk-sheets. Previous studies have 
establishect that palypeptoid l-telices are extremely seablc and monameric, 
wit11 no tendency to misrold ;arid aggregate (252,353,256). Thcrcfore. 
peploids secm to be quite promising for the develcjpmcnt s f  effective 
spscadi~lg agents for LS fo~mtal:~@ iolai. 

ExpIoitillg similar stratcgics as h a ~ c  bcen lased in the desjgn of peptide- 
based SP-B and SY-C analagucs, scqtaence-specific pcpt~aid-bascd SP mirazics 
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Figure 7 Colnparisan of CIae skructut-cs nf peptide and peptoid trirnsers titilth 
arbllrary side chains R1, R2, and K3. 13eptoicl structure differs fLnm pepticies in that 
the side cl~;lills are ;+ppendetS to the hackhone nztrogen instead car the a c:~rbart. 
(Adapted fr'r.oxn Kcf. 249, with pcrmissit~n.) 

have been designed to capktnre bot1-1 the alxphipathih: land three-dimensianal 
structtlral cfzaracterfstics of these proteins thzai %re ~ritical for their proper 
biophysical fur~etiol-tirzg, Studies so far have fixused on  SF- f  anlalc~gues, 
which kavc bccm~ designed with a h y d r o p h ~ b i ~ ~  I~clicaf stretch that spans a 
DPPC bilayer and that conserves 111~: patterning of charged and hydrophilic 
residues formd in aaturat protein. These pepetaid-based STkmimics have been 
shov~m to be stably helical by CD and highly surfdee active by LMrSB. Hn 
comf~lnc l io~ wjth various lipid mixtures (e,g., DFP@:PO%>C, 7 3 ,  or Taxaaka 
lipids), puptoid-based SP milnics have shown promise in viiro OXP the 
Langn2uir-Wilhelmy surpdce halance and pulsalirmg bubblc surfa~lometer 
(257). Further investigations are necessary for evaluation of bhc efficacy and 
safcgy of these nonnatural materials, but these biostahfe analogues hold 
pron-nisc fur trcatmrr~t not rsnly of RDS but of other respiratory discascs 
caused by the deficiel-tcy and dysfunction of LS. 

Xte'll. FUTURE DfRECTlOlldS (M THE DEVELOPMENT OF 
IE380MIMETIC LS REPLACEMENTS 

Thc de~~elopmene tzf a F~~netiontl!, rcliablc. safe, less immunsgenic, am% lower 
cost biomimeeic lung surf~tctznt replace~nent urill be beneficiczf for xhs 
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effective prcvc~ltion ;ind ia-niproved trcat~~lemt of prcterm infant RDS (258) .  
The e~~cntual impact of such o forr~lulatisn an  ncoazatal and perillaka1 health 
could be great (34-36), as it is likely that the indications i'or surfaclant 
raplacemex11 therapy in infants will expand in the future to ixxciudc other 
lung diseases that have ~ u r ~ i c t a n i  dysfunction as an element of their 
pathogzmaesis 6259,2601, irzcludirlg mccoxliunt aspiraiir~n syndrome (261), 
~ongcnitaf p~lcumonia (262). pulmonary hypsplasia, and pulmonary 
hemorrhage. To make thc use of ~urfactcxnt replacement ther'apy reasible 
for an expanded list sf infant respiratory disorders and a greater nuls~tlcr of 
patients worldwide, both the immunogcnicity and the cost of exogenous 
surfactant repiacements must be minimized (259). 

Adults and ct~ifcj~en will also henefjf fson~ the dcvelspment of a less 
ixnn~unoge~~ic aud less expensixre synthetic: f(trmulation (34-36). The 
dysfkaction of tesr~g surf'actanr is a major contributor to the lethal '"acute 
RDS (AIQDS)," which ~i.ln ~ G C U F   XI ;*dt~Zt~ and children after shock, 
bacteria! sepsis, hyperc~xia, ncas-drowning, or a~~iration (263-265). RDS is 
the leading cause of death in intensi~e car@ unirs, and there is n s  gcncrally 
efceeti ve and economically viable treatn~ent for it (266--268 1. 'The d ysftizlc- 
tican of lung sarrfijctanf in adults and childrer~ most typically res~l ls  from the 
srrac~o2tchmenb oT blood serum or other hreign Blaids into %he lungs. Serum 
proteins calf disrupt and irzhibjb the spreading of rhe natural surfactant 
monolayc~ by (z number of nmechal~islms (71,269). There bas bee11 irndication 
in a few steadies that LS replacement therapy may bc effective for trealmnent 
sf adult a d  child ,kRDS (270- 271). However, adult therapy requires mucfl 
larger dexaqe, rnakil~g this tr~gtmeant prohibitively expensive and unfcasiblc 
(274). In addition, there arc i m p o r ~ d ~ ~ t  issues of LS inac~~vatio~m a11d 
irnrnzn~toge~aicily xising LS rcplacemenls in adults because of their highly 
developed adaptizfc i r n m  uane systcn~s. Recuii~t clillient work also suggests that 
surfltct~tat dysfugaetion may play a role in the pathogeraesis of cystic iibrosis 
and that specially designed surfgcfane reglaccmen~ts could prove hencficial to 
cystic fibrclsis patiel~ts (275)- 

XV%II. CONCLUSIONS 

The design of bic~matcrials that cffcctivety mimic the structure and ftluction 
of natural materials but that have the redvamstages of low i~nmunogenicity 
and good bioavailability is a challcanging area of bioengineering, An 
important and tractable proble~l~ in biomatct-ials research is the need for 
~ " ~ 1 0 r t  effective a d  biuavaiBable LS replsccmenss far the trcatrr~cnt of 
rcspirat rlry cliscase. 
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Before venturing into the development of complex nlateriaf such as a 
biomilnetic LS scplacement, tve must begin by recognizing both the nced for 
this material and the spccific areas for inlprovement in the present therapy. 
An integral step in the development process is to exploit knowledge of the 
structure-function refationships of the natural system to provide the design 
criteria, En vitro and in vivo studies are prcwiding a better understanding of 
the role of LS coiapoirents, The saturated lipids. particularly DPPC. are 
invol\led in reducing surface tcnsioll to near zero, whereas the ui~saturatcd 
lipids and proteins have a role in facilitating adsorpfioll and resprcading of 
the LS films. Ira particular, the sttrfactant proteins B and G are responsible 
fbr enhancing lipid adsorption, respreading, and for stabilizing the surface 
film. 

We arc begirmaing to ur~derstand the compositior~ and functions of LS, 
allowing improved designs of novel LS replacemet~ts, Researehers are 
currently developiilg biomimetic LS replacements bascd on recombinant 
and chel~ical production of SP-13 and SP-C: analogues, Successful 
expression and isolation of rccombiilai~t SP offers tkc advantage of 
producing a large quantity of material, potentialfy at a relatively low cost. 
However, productiu~l isf recoxnbinastt SP mimics is challenging because of 
the difficulty In expressing these proheins with the correct confurmatiom and 
in purifying thean in high yield due to their highly hydropl~obic nature. An 
alternative appeoael-a has been to chemicatlqf synthesize full-length, 
truncated, and modified versions of the SP. The chemical synthesis route 
offers ease of production and has ellabled thc inri~stigaaio~i of numerous 
peptide analogues. Additionally, this synthetic route offers the reduction; 
eliminatio~l s f  viral contamination and immunogenicity risks. Ht is 
chemically challenging to synthesize pepaide analog~aes of SP-B and/or SP- 
C with the correct fold, but this may not necessarily be requisite for a 
futrctional LS replacement. It is interesting to note that :i number of 
differcat an~phipathie peptide designs have been successful i r ~  n~liwisking the 
biophysical and physiological roles of LS, to somc cxtent. Most of the LS 
fbrmulations have been based on the use af either SP-B or SP-C mimics (not 
both). Since both SP-B and SP-C arc presenf in natural LS, bio~ninlctic ES 
forl.ulations most likely would be improved hy the presence sf both SP 
analogues, In addition, a better understanding of the individual soles of SP- 
B and SP-C wtruld huilitale the design of improved biomimetic t S  
replacements. 

An exciting aspect of deireloping these biamimetic LS repBaeenaents i s  
thc capacity to ta31or their formulation to treat respiratory diseases with 
~ a q i n g  dcgrccs of ~iurhetant deficiency, i?~sufficic.tlcy, and inactivation. 
There is an iildication that LS therapy may akso be effective for treating 
adult RDS, mceclniurn aspiration syndrome, and plaeumonia. However, the 
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use of current cnxlamerciaIlg; available LS replacements (natural and 
synthetic) is not yet viable for the treatrnerzt of adults; treatl-xlent of adult 
respiratory dysf~gnctican will be one mijar application of a biamimetic LS 
seplacemsn t. 

ACKNOWLEDGMENTS 

We are grateful to Ka 'fee C, Lee, Edward Ingenito, Michael Caplan, and 
Mark Johnson for heipful discussions. We acknowledge furmding for this 
W O P ~  provided by the National Science Foundation (Grant No. BES- 
0093806). C.W,TJ, was supported by an NTH Biophysics Training Grant 
(Grant No. ST32 GMOX382- 10 1.  

REFERENCES 

1. JA Clements. Surface ie~~sion of lung extracts. Proe Soc kxp Bio Med 45: 1763 
172, 1957, 

2. RE Patrile, Properties, function and origifi of the alveolar lining layer, Mature 
175: 1 125-1 126. 1955. 

3. ME Avery, J Mead. Surface properties In relation to atelectasis and hyalix-re 
~nembrane disease. Am J Dis Child 47:547--523, 1959. 

4. JW Kendig, RW Nntter. C Cox, Lf Reubens, dM Davis, WM 34aniscalco. RA 
Sinkin, A Bartoletti, HS Dweck, h1f.I Horgan, H Risemberg, DL Phelps, DL 
Shapirct. A Comparison of surfactant as in~nlediate propll~~laxis and as rescue 
therapy in newtbarns sf less than 30 weeks gestation. N Engl J Med 324:865- 
871, 1991. 

5.  .&I Eidelrlnan. Econotnical conseq.lzences of surFdelclant therapy. J Pssinatol 
13:137-139, 1993. 

6. R Guyer, IIM Strobino, SJ Ventura, M MacDorman, JA %%artin, Annual 
summary of vital statistics - 1995. Pcdialrioh 98: 1007-1019, 1995. 

7 .  RM Schwartz, A M  Luby, 9W Scanlon, Rf KcIlogg. Effect of surfactant on 
morbidity, mortality, and rcsource use in newhorn infatlks weighing 500 to 
1500 g. N Emgl J Mcd 130:1476-1480, 1991. 

8, Disco~ery kaborataries. Hnc, addresses plans to coraduex a Surfaxin trial in 
Latin America. February 23, 2001. 

9, 2' F~ajiwara. H Macta, S Chida, 'F ,Morita, Y Tl'atabc, T Abe. Artificial 
surfactant therap)' in hyaline-membrane disease. tar-lcet f :5S- 59.  1980. 

10, RE Hockstra, JC ,l;ickson, TF Meyeus. ID Frantz. ME Stern, WE Powers, M 
Maurer- %R Raye. ST Carrier, JH Guniet, AJ Gold, Improved neonatal 
survival Bbflrrt~ing multiple doses of bovine s~rrdjctant in very premarurc 
neonates at risk of r~spirnrsyv distress syndrome. Pediatricc 88; 19-28, 19991. 



614 Wu and Baaron 

LA Gortnar, U Bernsau, HH Hellweg~, G Heironimi, G Jorch, HL Reites, A 
rmzulticenter raasdomizcd contrullcd trial of bovi~ze srarPdctant for prevcfsiion of 
respiratory distrcss syndrome. Lung 4 68 f Suppl):844-848, 1990. 
Collabomtive Europeall Mufticenter Study Group, S~trPdctatlt repkcernen2 
therapy in swere neollatal respiratory distress syndrome: Aa international 
randomized cljnical ti7al. Pediatrics 82~68 3-69 1, 1988. 
CS ILlorlcy, AD Bangham, N A,filler, JA I3;lr.i~. Dry artificial lung surfacrant 
and its effect on very premature babies, tancct t:64-$8, 1981. 
RW Phihbs, RA Ratlard, JA Clements, DC: Heilibrcln, CS Phibks, MA 
Schlueter, SH Snidertnatl, WH Toolcy, A Wakely. Initial clinical %rial c ~ f  
Exosurf, a protein-free synthetic surfactant, for the prophylaxis and early 
arealmen"rof knyaline mcx~~ftrane disease. Pediaxrics 88:l-9, 199 1 .  
S Hawgood, A Qgawa, K Yukitake, M Schl~rcrer, C Broxvn, T White, D 
IScbckley, D Lesikar, B Benson. Lung function in premature rabbits trca~ed 
with rcco~nbinant htlrnarr surkictatit prntein-C. Am J Respir Crit Care Med 
154:484-490, 1996, 
AJ Davis, AH Jotre, D HiiI'ner, M Ikegami. Lung f~t11ckion In premature lartxbs 
and rabbits ~vjth a T C C ; C I I T ~ ~ ~ Y $ ~ ~ ~  SP-Q: surfactant. Am 3 Respir Crit Care Meci 
15'1:553--559, 11998. 
E3A Veidhuixen, JJ Btnte~abu~g, 9; Vandenbussche, G Pukz, LMG Y R Q  Golde, 
HP Haagsman. I%~oductjan of surfactant protein C in the baculnvirus 
expression:  he informatloll required for correct foldixlg and palmitoylation, 
Biochim Biolshys Acba 141 6:295-308, 1999, 
%-.I Uas, C Richtrrdson, C For-d, N Mathinlagan, C IMackic, GL Hamaland, 
PGR Rrrrding, E' Possmrryer. Expression of mature puhnonary surfactant- 
associated proleist B (SP-B) in Escherichia ccd~ using tri~ncaled l iur~~~an SP-13. 
cDNAs. Biocbenn Cell Biol 68559 566, 1990. 
A Warir~g, W Taeusch, R Bruni, J Amirkhanian, B Fan, R Seevens, J Yaarnp. 
S ynthctic amphipathic sequences of s~nrdjctal~t protein-& milnic scvcraI 
physiochemicai and in vivo pr@p~"fci"s of native pulmonary surf~ict~tnt 
proteil~s. Peptide Res 1:308-3 1 3, 1989' 
K Br~tni, HWT Taeu~eh, A3 Waring. Surkt"rtctanl protein B: lipid interactions o f  
synthetic peptides representing the amino-terminaf ~arnplaipathic domain.  pro^ 

Natl 1Aic;ad Sei USA 58,7451-7.155, 199%. 
JE Baatz, V Sarin, DB AbsnIom, C Baxter, JA Whiisett. Effects of surfactant- 
assodated protein SP-W syntk~etic malogs on the strrscture ag~d susfiicc activity 
nf model nlembr~en9: bilaycrs, Chem Phys Lipids 60: 163-178, 1991. 
VK Sarin, S Gupta* TK Leung, VE Taylor, BL Uhmi~zg, JA Whitsett, JL Fox. 
Biophysical and I.aitalogical activity uf a syntbzdc 8.7-kDa hydrr~phnbis 
pulmonary s~lrfactant protein 3)-B. Pros Natl head Sci USA 87:2633 2637, 
1991). 
J f 4  Kang, MK Lcc. Kk Kim, K-S Halsm. The reteationships between 
biophysical activity tend t hc sccondrarg. structure of sylr~ahctic pcptidzs from 
the pulmonary s8larrP;ictant protern SP-B. Biocbea12 Mol Biul Ent 40:617-627. 
19"3* 



Biomimet9elc Lung Saadadant Repl~csments 61 5 

.,:a 24. FJ $breltker, 3 Hcnri~tdex-Juviel, R Bruni, Ad Warizxg. Spiking S.~lrvanta" 
with synthetic starfitctarmt peptides improt~cs oxy ge~~aticnn in susf;ictttnl- 
deficien~ rats, Am J Resgir Grit Care Med 156:855--862, 1997. 

25. EJA Sleldhuizenr, AJ Wariag. F4 %Tallher, JJ Batenbust;, B,MG Van Golde, H P  
Haagsman. Dimc~ic Yeterminal segine~r t of human surf~tctamt protein R (dSP- 
131-25) has enhanced surfam properlies compared to tnor~omeric SP-Bl-25. 
Biophys J 79:377 -384, 2000, 

26. T Takei. U Hashimota, T Aiba, K Sakai, .Z* Ftrjiwara. '?The surface properties 
of cbernica t8y syntl~csized pcptides anale~gc7us to htnmara pu1ano11ar.g: surp&chana 
protein SP-C. Biul Pham Bu11 19: 1247--1253, 1996, 

27. T Takei, Y Hsshimota: E Ohtsubo, H Cbhkitwa. Characterization of poliy- 
leucirae sufistitutd analogues of humara sufiietant protein SP-C. Biof Phal-m 
Buil 8 9: 155(& f 5 5 5 ,  1996. 

38- Q Johansson, G Nifsssn, R S~romherg, B Robertson, H J~vnvalil, T C11rsted.t.. 
Seeormtisrw structure and biophysical activity of synthetic analogs of the 
pultnanary st~rfacaarmt polypeptide SP-C. Biaehel~ J 307:535 541, 19415, 

29. C Nilsso~a, M GustaCsson, G Va~adenb~asshe, E Veldhuizen, WJ Crriffiths, J 
Sjava'tZ, WP Haagsman, JM It~~ysschacrt, £3 Robcl-tson, T Curstedt, J 
Joh:msso~t. Synihedc pepi~de-con taining sur f ; l c ta~~~:  evaluation of transmem- 
brane versus ampk~ipatl~ic hclices md SP-C poly-.craIy1 ~ c t  polyleucyl ~xlbstitu- 
tion* Erar f Bioehem 225:llG-124, 1998. 

30, M Palmblad, J Joht~isson, B Robertson, T Gurstedt, Biophysical activity of an 
artiEicisrl surfactant containing an analogue of susfaclaat grotcis 6SP)-C ancl 
native SP-W. Rio~hem .f 339:38l-386, 1999. 

31. LR McLcan. RL Jackson, JL Krstenansky, K A  Hagtiman, KF Olsen, ,BE 
Lewis. Mixtures of synthelic peptldcs and diprrlmitoylpltosphaeidylcl~oline as 
lling surfisctants. Am J PhysioS 262:L292-L300, 1992. 

32. k McLcssn, .I Lewis, J Krstenamsky, R Hagamarr, A Cope, M GIsen, E 
Malthews, D ijhrhammcr, T Ourera. M Paynr, An amphipathie alpha-hellcaf 
decapeptide in p11osphs~dylchoIine is an effective synthetic lung surgtcralat. 
Am Rev Rcspir Uis 147:462 465, 1993. 

23, CG Cocl-rrane, SD Revak. Pulmonary surfactan1 prateill (SF-B): structure- 
fil~~ction relatiarnsFLjgs. Science 253:56R- 565, 199 1 .  

34. B Robertson, J Jof~ansson. T Curstedt. Synthetic surfactants to treat lacofsatal 
lung dlsrdse. Mol Med Today 6:  1 1 9-1 34. 2OCEO. 

35 ,  FJ Walther, kM GOF~OEI, JA Zasadzinski, MA Shermaxx, AJ Wiuing. 
Surfactant protein B and C analrowes. Mol Gcnct Metab 71 1342-351, 2000. 

36. J Johansscnn, hi Gustafsson, h4 Palmblad, S Zaltask, B Robertson, T 
Curstedt. Pulmonary surfactanr emcrging protein anaIugues, BioDrugh 271 - 
7'7, 1999. 

37. A1-T Sobc. Wcspiraio12 distress syradrowc: neu ti~erapeua_ic rtpproachex to a 
complex pathophysiology. Adv Pediatr Chiczgo 3%1:$4.2--138, 1884. 

38, H O'Mrodovich, V Hannam. Exogenous surfactilr~t rapidly increases Pa03 in 
mature rabbins with lungs that ccpntaia large ;ix~~oLnnt;s of saline. Am Rev 
Rwpir Dis 247:6089 + 1090, 1993. 



61 6 Wu and Barron 

SO. 

51. 

52, 

53, 

B Robertsr~n* SurFaclaaaa sbrbstitu~ion: exrrerirncnrai modzls and ciinicd 
spplic;itio~~s, Lung 158:57--68, B 980, 
C Vilstrup, D Goxrm~crs~ JAH BOS, B Ik;iclt-sxnatan, 0 Wcrrmer, A Lgrsoan* 
Natural surfacbnt instilled in pl-cmaturr lambs increases liang volume and 
i~xprc~ves ventilation hamoge~eity ivithim f i ~ e  aninutes. Pedlatr Rcs 32:595- 
599, 1992. 
W Long, .A Cnr-hct, R Cotron, S Co~er t~~cy ,  G hIcGuiness, byalter, J CV;ttts, 
J Smyth, H Bard, V Chej-nick. A cuntrurllecll arial 01' synthetic: surfitctant in 
ir~farrts wrlghinff 3 350 p 04. more wi 112 resplralory distress syndrome, W Eag1 J 
L4cd 325:1696..17633, 199 1.  
JA 34ana;kop'F. ME Backhouse. B Jones, DE TYold, M C  Manmcl, M M utlet, 
I$. Guthric, WA Long. Syn~hctic surFdc%aart Sr~r reb;~ue treatrrlelal ofmspiralnry 
distress syndrome in prcmarurc infants t~cighine from 700 to 1350 grams: 
ixnp:"tci 07% llospital !+esource use itad charges. J Pediatr 12A:W-101, 1995, 
CE Mercics, RF: Soli, Clinical trials; of* ncliur-ad sul-Pict:snt extract in respiraeosy 
distlrcss syndrome. In:  \$:A ed. C'iinics in Perinmtoisgb PfiilaclcIphia: 
WB Sauradcrs, 1993, pp 71 1-735. 
A Charm, kIW T ' C L C U ~ C ~ ,  C Fitzgit-son. GI3 Smith, ST Trcvcs, I)S PhcBpx. 
13ediiatrics 831348-354, t 989. 
JD Armrirkl~ania~l, HW 'il'acusch. Rzveruible and ir~erersihle i~1:1cti.t7atiorl of 
pref08'med pulmonary sur-fbct.cant sasf'aec films by changes in satbplaase 
consti euenes, Biochian Birq2hys Acta i 7 6532 Ji - 326, O 993, 
R von Neclrgaard. Neui. Auftassunpc~~ uber einen Cruardkegrjfl' dcr Atcrnnac- 
cbrrnik, Die Retraktiornskraft dcr Lunae, al-rhangig !Jon ds?r Obcr.fptiichcrnsp,a* 
sung in dcrl Al~etrlew. Gesamcle Exp Med f6;373-3CB4, 1929, 
JA C'icixcnts. Dcpcndence of prcssurc-volume chaructcristics of lungs nn 
intrinsic suufiicc. active material. Am J PRysiini 1 W7:5Y2, 1956. 
MH Klaus, Jft CEcrnelats, WJ Have!. Ccnnpusition sf s~rrbtec-2tcriv.t: material 
isalatcd frnr-i~ beef' lung. 113roc Natl: Acad Scl USA 47: 1858 1859, 16362, 
E Rcrbillard, Y Alarlc, IP Dagenais-Permsse, E Barit, A Ciuithealgl~. 
h~ficroacrosol ;idministrat-inn o f  syrathetk beta-gaml-na-dipalaritoyi-L,-alpha- 
lccithila in the r.espir-ato~-j~ distress syndrome: ;a prclirninnry rsport. CAD Mcd 
As.;r.>c 3 90:55-57, 1964. 
J Chu? JA Cdqlemcnls, EK Co~tctn; bfN Klaus, A%' Sweet, IVW Trsa6ey. 
Nconatnl pa4la11oa~;wy ischeanai;t. Pcdiatsjrs 41):709--782, 1967. 
M C  Phillips, IBD H,adbconke, D Cl~aprno.ax, ,"Pi1 t~lecerlar i~tcractions in mixed 
lecitf~ir~ systrlns. Bioehirn Blop-rhys Acta 1966.35 44, tkJ7t), 
A B a ~ h i r m .  C Marlee', M Phillips. Thc physical prrsperlies of ran ef fecthe 
lung surlBckjr1:. Biochia~a Ricaphys Acta 573:.';511 556, 1979. 
J Goarkc, $A Clea~~exl~s, Ajteolar s~~rfiice tension an2 lung surfikcean~. ed, 
Haxjdbilc-~k of I3Wlysinlogj: TXlc Respirazr~r) Sys~em-Control ~ r f '  Srcnthing. 
Wcthcsda: Amcr9c;in Physiology Society, f 986, pp "47 2hl .  
RK Natler, SexsE~tee chell-mistrj af puimnn:~ sj. s u r i i c ~  uni: the sole of individual 
~:csmpclrwnis, Tga: R Roberbon, LhfG kiln <301ri;j~', arid J,B Batenb~irg, ed. 
Ptllmoncir> Surfac;%anl. Amstcrdiim: Elscvicr. 1984. pp 17 53. 



Biarnimetic Lung Surfactant Repfacements 61 4" 

liH &otter. The phpical chemistry and ph>isiological xotivity of l~ulmonary 
surfartant. In: DL Shapiro, KH Notter, eds. Surfactnrml Repl~ice~neslt 
Therapy. New Yvrk: Alan R. Liss, 1989, pp 19-70, 
FB Askin, C Kuht~. 7I'he ccllular origin of pulmansnrq s~arfxtznt. Lab Illvest 
25:268-268, 1971, 
US Ryan, f W  Ryan. DS Smith. A1vco1ar type I1 cells: studies on the made af 
relerise of ilamellar bodies. Tissue C'cll 3:587- 599, 1975. 
ER CVeiber. GS Kistler, G TAndury. A stereolcrgicaI electron microscope study 
of "tntbular myelin figures" in alveolar Ruids of rat lungs. Z Zellfbrsch 69:418-- 
317, 1466. 
MC U'illiams. Conversion of lamellar body r n e m b ~ a ~ ~ c s  ilitts tubular myelin in 
alveoli of ktaf rat lungs. J CcU Blol 72:260 277, 1977. 
3 Goerke. Lmng surfi'nctanl. Bioctrirxli Biophys Act8 344:24I-261, 1974. 
RH-3 Notter, DP Pcnney, JN Finkclstcin, DL Shapiro. Adsorption of natural 
lung surPdctant and phospholipid extracts refated to tubular rnyclin 
formations, Pediatr Res 20:97-101.. 1986. 
E Putman, L,rZSM Creuwcls, LPvlG vtin Gulde. 1-1P Haagsman, Surfa'acc 
proj3erties. morphofogy, aild prlsrcin sornpilsition of pulmonary surfactant 
subtypes. Biochem J 320:599-h05, 1996;. 
Jh Ciemcnts, ES Br~lwn, 81' JoIiinson. PuJtnot~ary surface tensinn and the 
ra~ucus Lining of the Ittngs: some theorefieal considerations, f Appl Phjsisf 
f2:263-268, 1958. 
JA Clements. Functions of the afvcoiar lin~ng. Am Rev Respir L~I.;  L 1557 71. 
t 977, 
Kfi  Nutter. 'I hc physrcal and physiological actibity of pulmonary surfrictant, 
In: DL Shapiro, RH Notter, eds. Surfachanr Replacement Therapy, New 
Ynrk: Alan I$. tiss. 19533. pp 19- 70. 
LMG Tail Golde. JJ Barenburg. f3 Robertson. The pulmonktry surfactant 
system: biot.hen.~ic;tl aspects and Furrcti~tnal significance. Pfiysiol Rev 68:374 - 
455, 1088. 
AM Cockshutl, F I'ossrnayer, Mctabolisn~ of surfactant ltpids and proteins in 
develapinp feat~p. In: I3 Robestsc>n, L%TG .\-an Gulde, JJ Batcnbul-, eds. 
Pulmosn8rj Surfslcrant: From Molecular Biology ro Clinical Practlce. 
Amsterdam: Elsmier, t 992, pp 339 -378, 
RL Sandcrs, Thc t.omg.rositicrn of perlmr~iliary sul-IBclant. In: PM Fanell, ed. 
Lung dcvclfsprncnt: bislogicaa and clinical pcrspcctix.es. Ncw York: Academic 
Press, 1982, pp 193-219. 
RJ King, Isolatie~~s and chemical composic~~n of pulmonary surpactanr. Tnr B 
J<obcrtson, LMG van GoIde, JJ Batenburg, eds. I)r;lnmesnary Surfinclartt. 
.4ansrej.t?iam: EI~eviet-.. t 983, pp f -1 5 .  
S fianvgood, Sh Clcments. Pulrnarr~rj surfactal~t alsd its aproprotcins. J 9711~ 
Invest X6:1 4, 1990. 
A f:c?ckshutr, h) Absnilom. F Possrnayer. The role of fa;-tlm~t~c acid In 

pullnontlrj surhct:m%: enhancement of stirface activity and prsvcntio~~ of 
inhibition bp bloc>& proteins. Blochi~m-a Biophys t'ictst 3 1385:248-256, $99 1. 



69 8 Wu and Barron 

73. J dnhanscom, T Curs~edt, W Rc~bertqon. The proteins of the surf:kctaat system, 
Eus R~spi r  9 7:372-391, 1994. 

73. A Khoor, ME Gray, WM fitall, JA Whitsctt, M?' Stahlrnan. De~dopmental 
expressin~t of SP--A a t ~ d  SP-A n~RladA in the proxim;rl and distxl e13ilhetiu~11 in 
the human fetus and newborn, J PIistoclnet~ Cytochcm 31 : 13 i 1-13 l g, f 991. 

74. K Miyamura, EA Loigh. J Lu, 3 Hopkins, A Lopez-Bemal, KEEM Reid. 
Surfactant protein D to tilveolar na;zcrophages. Binchel-elJ 300~237-242, 1994. 

75. S Hawgood. The Rydrophilic surfactant pr~teisa SF"-&: R.I~IecuLar biology, 
structure and f~knction, ha :  B% Robertson, L van Golde, $ti B L ~ ~ G I I ~ I I L ' ~ ,  cds. 
Pulmonary Surfactant: From Molecular Biology to Clir%lcal Practice 
Amsterdam: Eisef/i~r, 1992, gp 33-45. 

76, HP Haagsman. Surfactant protein X :-tnd D. Bioehem Soe Trans 22: 100- 106. 
1994. 

77. RJ ]King, JA Clcmcnts. Surface active materials from dog I~zng. 1X. 
Composition and pkyclological correlations. Am J Pfiysiol 223r71.5 --72t9, 1972, 

78. SB Hall, A R  Venkitaraman, J U'hitsett. BA 1-lolrn, RH Notter. I~e~portanctl of 
hydrophobic apoproteins as const.ituents o f  cliillcsal exogenous surfactants, 

86. 

87,  

Y X .  

A m  Rev Respir Dis 145:24-30, 1992. 
Z Wang. SB Hall, RH Nottcr. K o l ~ s  of different hydrophobic constituents in 
the adsorpion of pulmonary surfactant. J Lipid Res 37:790-798, 1996. 
S SchGrch. I$ Qatabar, H.1 Bkkchofe'en, 1': Possnzajcr, Thc surface-associated 
surfacta~ft reservoir in rke alveolar llinh~g. Bzol Neonate 6'7.61 - 76, 1995. 
Z Vdang? O Gurel, JE Baalz, RH Nottrr. Differential aciiviiy and lack of 
syplergp of lurxg surfactant proteins SP-13 alad SP-C inret-actions. J Lipid Wes 
17: 1749-1760, 1996- 
DY Takamolts, R4M C,igp, A von NaB~rnea~, KYC I..ee, AJ Wiiring, JA 
Zasadzim~ski. Intcrilofion c~f lung surfactant pl-otcins with ~ ~ n i o n i r  p'hospha~fi- 
pids, Biophys J 81:153-169, 2001. 
S Taneva, KMFV Keogh, Pullt~o~zaly surfi~cVatlt proteins SP-B and SP-C in 
spread monolayers at the air-water interfkce. 11. Proteins SP-B plus SP-C 
with p%~ospho$ipids iaa spread manoIayers. Riophys J 66: 1 158-1 166, 1994, 
T Curstedt, W Jornvail. B Robertson, T EEerg~~zan, I) Bcrggren. Ttvo 
hydrophobic Inw-molecular mass protetn f'F-actions of pulmonary surfactant: 
charzicterization and biophysical acrivity, E;.ur J Riocheen 168:255-262, 1487, 
MA Oosterlakcn-Dijksterfzui~~ HP Haagsnnan, LlkfG van Golde, Rr4 Dcn.mo1. 
(:Emarmct.eriza%icspl of Iipici insertion inlo monomatecular layers mealiateci hq 
lung surf~t~ttctant prokcins SP-R and SP-17. Biochemistry 30: 111965-1.0971, 3991. 
Sf) Rcvak, TA Men-itt, E Degrysc, L. Stcfai~i, M CC~UT~IIG~,  P*I HaIhan, CG 
Cochra~e.  The usc of h~tiaata low molecular weight (LMW) apoproreins in the 
reconsitutiat~ of snrfzcrant biological activity, J Clin Invest 61:826 833. 1988. 
SH Yu. F Pussmaycr. Comgarati~~e studies of the biophysical act~v~ties of the 
Inw molecular weight proteilzs parified from boabirte pulmol.sary surfi%crarzt. 
Hiochim Biophys Acts 961 317 350, 1988. 
S SchGlrch, FU Green, H Bnchsfe1-r. For~nalinal aaad structure of surface films: 
captive bubble isurfi&ctomety. Rioohim Riophys Acra 1308: 180-202, 199%. 



BlorrrinaeHe Lung Sudactant Replaeemert'ls 61 9 

K Nag, JG Munro, K Tncl~ley, S SchBsch, NO Petersen, F Possnlayer. SP-B 
refining af pulmonary surfjctant phospholipid films. Am J Physiol 
277:E 1 1 7 9 4 1  189, 1999. 
S Krai, A Jztnsli~off, M Ross, H-J Calla. Structure and filnciion trf saafitctii~zt 
protein 33 and C in lipid monolayers: a sca~lni~lg force miesoseopy study. Phys 
Chem Chem Phys 2:458M593, 2000. 
S Johansson, T Curstecft . Molecular strttctures and interactions of pulmormarq. 
ccampnnents. Eur J Biochetm 244:675--693, 1997. 
5 Plawgood, M Derkck, F Poulairn. Structure and properiies af surfactant 
protein B. Bioel1lirn Binplzys hcta 1408:l SO- fh0, 1998. 
3 Johansson. Structure and properties of surPaclanr protein C. Hiochilaa 
Biophys Acts 1408:1$1-172. 1898, 
TE Weaver, JJ Conkright. Fundlons of surfactnr-tl proteins B and C. Annu 
Rev Physiol 63:5%,5-578, 2001. 
SM' Glasscr, TR Korfhagen. 'k'E Wcaver, T Pilot-Matias, JE Fox, JA 
Whitsett, eDN.4 and cls=dnced anlincr acid sequence of humtin pulmonary 
surPdctant-associ~atec1 proleoli.t-ric5 SPE @he). Proc Nall Acad Sci USA 
84:4007 4011, 1987. 
S H;awgood, BJ &enscan, J ScGlling, D Uamrn, JA elements, KF White. 
Nucleotide arid amino acid sequcnccs of pulmonary srarfxtant protein SP 1% 
and evidence for cooperation between SP I8 and SP 28-36 in s~trfactant lipid 
adsorption. Proc Nxtl Acad Sci X4:66--70, 1987. 
T CursttldlJ J Johanssoxl, J Basros-Soderling, B Robertson, G NiIsson, bf 
B%Testberg, M .Iornvall, I,ow molecuk%rtr-mass surfitctarnt protein type I :  the 
prinnary structure of; a lly drophobie 8 kDa polypeptide witit, eiyfal hnff-cy:)~ine 
r.esidues, Eur J Siaehem X72:521 525. 1988. 
J Sohanssan, "I* Cursaedt, H J;i~nviill. Surfactan% protein R: disulfide bridges, 
strractural properties, and kringle similarities. Biochemistry 30:69117-6921, 
1991. 
J Johanswjn, H .86rnvall, T C'usstedt. Numan surf.acbanl polypeptide SP-R 
disulfide bridgcs, C-terminal end, and peptide analysis of the airway form. 
FEES Lett 301 : 165-1 67, 1982. 
A Takahashi, M %laring, J Amirkiaanian. R Fan, HW Taeusch. Srructur* 
ft~nction relalionships of bovine surfibstant proteins: SP-h( axad SP-C. Bioc84en1 
Biaphys .4cta lOb4:43-49, 1990, 
1 %ratkinas. The surface properties of pure phospholipids ixa. relalion to those of 
liang extracts. Bic~chi~~a Bioplay~ Acts 152:293-366, 1968. 
JN M~Idebran, 5 Goerke, SA Clerne~aes. Pulmonary surfhce film stability arad 
composition. J r%pp Physiol 47:604-611, 1979. 
MS Hawco, r"5 Davis, ;k;%ItV Kcuugh. Lipid fluidity in lung slarfactant 
rnoncllayers nf satur~zed and unsaturated lechirins. 3 Appl Physiol5 1 :509-515, 
89381. 
J Egbert, H Slocrt, -4 Mazure. Mi~lirnal surfxe tension, squeczc-out: and 
trsnsitiijn tc~Bperalures of biniary mixt~~res 09 dipaltni'$oylphcrsphat.EdyIch,oline 
and unsaturated phospholipids. Bioclt~m Bivphys Acta lf102: 109- 1 13, 1989. 



1 OX. 

Wu and Barron 

SH E'u, F Possmaycr. Effcct of pulnlsnary surfactant protein (SP-B) axld 
calcium on phospholipid adsorption and squccze-out of phosphatidylglycerol 
from hinary phosphnlipjd ~nonnlayers containing dipalmitoyIpliesTshatidyt- 
cholinc. Biochim Bioptays Acta 1 136:2&34, f 092. 
L Carnacho, A Cruz: R Castro, C Casals, 9 Perez-Gil. Effect of pH 011 the 
ir~terfacial adsorptiotl activity of pulmtrnary surfactant. Colloids Surf B 
Biointerf 5271 - 2'77, 1996, 
G Vandenbussche, A Clercx, M Clercx, T Curstedt, J .rohrinsson. H JornvalI, 
JM Ruysschacrt. Secondary structure alld oricntatinn of Irydrophohicthc 
surfactant protein B in a lipid environment: ri Fourier transform infrared 
spectroscopy st~ady, Biochemist-ry 3 1 :9 169-91 76, 1992. 
MA Bosterlakcn-Dijkseerl~uis~ E'IP Haagsman, LMG van Golde, RA Dei-tlcl, 
Interaction of lipid vesicles with monamolecular lityert; containing lung 
surfactant proteins SF-B or SP-C, Biochemisti-y 30:8276~-878 1, 1991. 
J Percz-Gif, -4 rhr~xz, C Casals. Solubility of hydrophobic surf>tetant prcrtcins in 
organic solventiwatcs ~nixtures: structural studies on SP-B and SP-C: in aqueous 
organic solvenrs tincl lipids. Blochim Wiophys. Asla 1 %68:261-170; 1993. 
M Andersson. T Curstcdt, H Jiornvall, J Jobanssan. An amphipathic helical 
motif common to kumlaurolytic polypeptide NK-1ysin kind pulmonary 
susfitclant polypcp~icle: SP-B, FESS Lett 362:328-332: 1995. 
G Vandenbussche, J fohansson, T Clercx. 1' Curstedt. Jh'B Kuycschaert. 
Structure and orientation of hydrophobic surfiiclant-associated protein% in a 
lipid entironrnent. In: EI Sornhafl, X3 Jolfes, eds. I l ~ t c r f i ~ ~ i : ~  Bettvec~~ Chemistry 
and Biochemistry. Bascl: Blrkhauser, 1995, pp 2 7 4 7 .  
J,4 RJhitsett: JE Baafz. Hydropf~obic surhclarzt proteins SP-B arnd SF-C: 
moiccular biology, str~tcture, and function. In: I3 Robertson. bh4G van Guide, 
JJ Ratenburg, eds, Pulmonarji Surf:iclank: From 3folecrhar Biology to Clinical 
Practice. Amsterdam: Elsevier, 11992, pp 55-75. 
KMBV Keough. Physicail chemistry of pulmonary .;urfiictant In the terminal air 
spaces. In: R Woheitson, EMG van Golde, 93 Ijatenburg, eels. P~tlrnot~nr-y 
Surfactant: B:rnm Mofsculas Biology lo Clinical Praeticc. Amslurdam: 
Elsevier, 1992, pp 109-8 64. 
;T Pirez-Gil, Keouph, 1rtlierPd'aci:rl properties sf surCtctant protzins. 
Biochim Biophys Acta 1408:203- 21 7, 1998. 
-45 Waris~g. KF Faull. (3 F,eung, A Ckanp-Chien, P Mercacfo, HW Taeusch, 
LM Cordon. Synthesis, seco~ldarg structure and folding of the berrd regroll of 
lung surfactant protein B.  pep^ Res 9:2R 3% ,996. 
S Zaltash. M PaImblad, T Cenrsted:, d Jnhansson, B Persson. Pr~lmorrary 
surfactant protein B: A stl-ncrul-a1 model nnel EL functional :~nnlogue. Biochirll 
Bioph~s  Act& $1466: 179-1 86, 2000 
J Perez-Gil, T Tucker, G Simatos, RMJV Keough. Cell Biol70:332-338, 1991. 
JS Vincent, SD Mc~rak, C'G Cochrane, Is$' Levin. Ramar, spcctruscopic studies 
of model human pulmonary searfidctant systems: phosphoiipid intera~tie~ns 
avitl~ peptide paradigms For 111e surfacrant protein SP-R. Riochetnisti-y 
30:8395 8401, 1941. 



FR Poulain, L Allen, MC Williams, RE Walniltksn. S Hawgood. Efyecta of 
surfactant apolipoproteins an Iipnsome structure: inapli~ntions for tubular 
myelin f'ornzation. Am J Physiol 262:L730-L734, 1992. 
V Suzuki, U F~r~jita, K Kogishi. Reconstitution of tubular ~rryelin from 
synthetic lipids ~ tnd  proteins associated with pig pt~fmot~ary surfactant. Am 
Rev Wespir D ~ s  140:75--81, 1989. 
MC Williams, S Hawgood, SC Hamilton. Changes in lipid structure produced 
by surfaceant proteins SP-A, SP-8, and SP-C. Am J Respir Sell Mol Biol 
5~41-50. 19991. 
MA Oosterlaken-Dijksterh~ais, LMC van Gofde, HP Naagsmm. Lipid mixing 
is mediated ha, the hydrophobic surkctant protein SP-B but not by SP-C. 
Biochim Biophys Acta 1 1 10:hCS-50, 1992. 
ED Rider, M Ikeg;;bmi, JA Whitsett: W Hull. F) Absolorn, AH Jobe. 
Treatment responses la surfactants col~taining rtaeursl surfa,c2ant proteins in  
preterix rabbits. Am Rev Respir Dis 143:669-676, 1993. 
W Robel-tson, T KoEtiayashi, h4 Ganzuka, G Crossman, W-Z Li. 3' Suzuki. 
Experinlentdl neonatal respiratory Fdilrrre induced by a monoclo~~al antibody 
to the hydrophobic surfactant-associated protein SP-E). Pcdiatr Res 30239- 
243. 1991. 
JC CIark, SE Wert, CJ Bachtxrski, MT Stafnirnnn, BR Stripp, TE Weaver, JA 
i+rhitselt. Targeted disruption ~f the surfactant protein B gcne disrupts 
surfzctant homeostasis, causing respiratory hit we in newborn mice, Proc %at1 
Acad Sci U%SA 92:7794 7798, 1995. 
K Tokeida, SA 'Sxihitsett, JC' C'lt-sk, TE Weaver, M Ikeda, K B  h/lcGc>~inelf, ,SbH 
Johe, M Ikegami, WS Iwarnoto. Pulrmatanry dysfunctior~ in nconatal SP-B- 
deficient mice. Am 3 Phpsiol 273:L875--L882, 1997. 
DC Beck. M Tkegami, C-L Na, S Zaltash, 1 Johanssnn, JA Whitself. TE 
Weaver. The role of hort~odimers in surhctant protein B function in vivo. S 
Biol Chem 375:3355-3330, 2000. 
DC Beck. CL Na, JA Urhitsett, TE Weaver. Ablation of a critical surfacrani 
protein B intramole~ular disulfide bonds in transgcnie mice. J Biol Chem 
275:3371-3376, "1900. 
LM Nogee, G Gamier, HC Dicez, L Singer, AM Marphy, DE BemeJIn, T-FR 
Colten. A mutation in the surfactamt protein B gene responsible for fatal 
neonatal, respiraiory diseasf: in multiple kindreds. J Clin Invest 93: 186CbI863, 
1994. 
LM Nogee, DE deMello. EP D~hner ,  HR Colten. Pulmonary surffactant E3 
deficiency in congenital pulnaonary alveolar proleinosis, N Engl J Med 
328:406 - 4 10. 1 993. 
J Jcthansson, T Ctzrstedt, B Robertson, FI JlirnvaIf. Size and structure of the 
hydrophobic low molecular weight surfactant-associaled pc1lyj7eptide. Bio- 
chemistry 27:3544 3547, 1988. 
J Joharasscrn, )-I JBrnlpalt, A Eklund, N Christensen, B Robertson, T Curstedt. 
Hydrophobic 3.7 kDa surfactant yol>lpeptide: structural characterization of 
the human and bovine forms. FEBS Lett 233:hl-63, 1988. 



Ji33. J Johansson, T Szyperki, a' Gurstzdt, K Wiithrirh. '%he NMM slructure c~f the 
pulmonary surfactant-associated polypeptide SP-C in an apotar salvcnt 
contains a valyl-rich x-helix. Biochemistry 33:60154023. 1994. 

134. B Pastrana, AJ Mautone, R Mendelsohn. FTIR studies of secondary structure 
and orientatinn of pulmonary surfitctant SP-C and its effect on the dynamic 
surface properties of phc~syhoiipids. Biachemistry 30: f 0058 -10064. 199 1. 

135. M Shiffer, S Hawgood, HP Haagsman, B Benson, JA elements, 9 Coerke. 
Lung surfactatlt proteins SF-B ar-td SF-C alter the thcmodyna~nic properties 
af the phospholipid membrane: a differential calorimetry study. Biocheanistrp 
32590-593, f 993, 

136. MR Mormw, S Taneva, GA Simatos, LA Allwood, KMW Keough. 'EX- 
NMK studies of the effect of pulrnnnary surfactant SP-C on thc 1.2- 
ciipalmitoyl-s~1-gl~~~er01-3-~~tr~~~pt1~~1101i11e hesdgroup: a model for translti- 
layer peptides in surfactant and biologcal membranes. Biochemistrjl 
3211 1358-11344, 1993. 

137. C Vande~nbussche, A Clerex, T C~irstedt, J Johalrsson, H1 Jfirnvall. JM 
Ruysschacrt. Srructurc and oric~~rativ~z of the surfactant-associaeed protein C 
in a lipid bilayer. Eur J Biochem 203:201-209, 1992. 

138, A Gericke, CR Flach, R Mcndclr;ohn. Slructurr: and oricntaiion of Iung 
surfactant SP-G and L-x-dipalmitoylpf'tophatidyLcI~ofine in aqueous mono- 
layers. Bic~phys J 73:492493, 1997, 

139. H-J Galln. N Buardos, A von Nahmen, 16% Anlrein. M Sicbcr. The rrde of' 
pulmonary surfactant C during the brcathxnp cycle. Thin Sold Frlms 327- 
329:6,72-035, 1998 

140. EJA Veldhuizen: HP Haagsnlan. Role of ptximonary surfactant components in 
surfkce film hnnaticln and dyn:tmics. Biochim Biophys Aeki 1467:255-270, 
2000. 

141. T Curstedc. J Jahansson, P Perssctn, A Ektnzld, B Robertson. I31 Lr>wenadler, 
H Josnvall. Hydrophtrbic surfirctant-ussi~cizt~ed polypepticies: SP-C it; a 
lipopey.ttide with two palmitoylated cystcine residues, .cvhcrcns SP-B lacks 
covalently linked fatty acyl groups, Proc Nat i  Acad Sci TJSA 67:2985-3889, 
1990. 

142. LPaJM Creuwels, RA Demel, Lh4G van Grildc, BJ Bcnson, HY Wcragsman. 
Effect of acylation nn structure and r~~nut ion of surfactant protein C at the 
sir- fiyuid interface. J Biol Chem 268:26752-25758, f 993. 

143. T Kata, S Lee. S Ono, Y Agawa, H Aoysgi, M Ohno. h Nishino. 
Confom~aticrnal studies of amphipathir: E-helical pepbides contaitlitlg an 
umino acid with a loi~g alkyl  chain and their ;~nehoring to lipid bilayer 
lipusornes. Biochim Biophjs Acta 1063: 19 1 l Qfj, 199 I. 

144. R Qat3bzr, F Fsossrnager. On the scnrb~ace activity OF surfactant-assvclatcd 
protein 6: (SF-63): effects of paln~rtaylativn and pH. Bioshim Biophys Acta 
1255:251-259, 8995. 

145, Z Wring, 8 G~zrel, GF Raatz, R E  X~trrter. Acylation afpuimon;at-y stlrfaceant 
protein-e' is required fur its optimal surfaacc active intcrsnctiosls with 
phosphalip~ds. f Riol Chem 271 : 19 1 Cl4-19 109, 1996. 



Bilarrrimetiic Lung Serdaetant Replacements 623 

4 .  LAJM Creuwels, EH Boer, RA Demel, LMG van Golde, HP Haagsmaa. 
Neutralization of the positivc charges of surfzictant protein G: effects on 
structure aiad f~rr~ction. J Biol Chenl 27Q:16225- 1622f29, 1095. 

337 R Qam&:xr, S C h ~ n g ,  F Possmuyer, S Sshurch. Rnle of palrnitoylcttion of  
surfactant-associated protcin C in surfaceant film fori~~atian and stability. Arsn 
J Physiol 27l:LS72-L580, 1996. 

148. AD Horowitz, B Ellcrlgc, JA WIritselt. dE Baatx. Effects of lung sufactant 
proteolipid SP-C: on the organization of model 111cmhrane lipids: a. 
fluorescence study, Biochi~n Biophys Actat 1107:4&54, 1992. 

149. ,B Pcsez-Gil. K Nag, S Tancva, KMW Keough. Pulrnoi~ary surfactant protein 
SP-t causes packing rearrangernefirs of dipalmitoyi phosplfcltidyl~holine in 
spreird moncr8~1yers. Wiuphys J 62: f 97-204, k 992. 

150. AD Hurc~witz, "63%oussavii$n, JA Whitsctt. Roles of SP-A. SP-B, and SILC in 
modulation of lipid npt.akc by puimonary epithciial cells in vitro. iZm J Plzysiol 
270:LG9-L79, 1'396. 

151. WK Rice, VK Sarin, J L  Fox, J Baatz. J West, JA Wl~itsett. SurfLtctant 
peptides stiniulate uptake of phospE~irtidylcholine by isoir~ted cells. Brcrchim 
Biophgts Acta 13306:1?37--242, 1989. 

152, LM Nogee, AE Dunbar, SE Wert, F Askjn. A lIafn~\~as, JA Whitsett. A 
~~zulation in the surfii~tanl protein 6= gene associated with filmilia1 interstitial 
lung disease, & Engl J 34cd 344:573-579, 2001, 

153. SW Glasscr, MS Burhans, "KK KarlXsagen. C-L Ka. FD Sly, Gli: Ross, M 
Ikegan~i, JA MThieseet. Altered stability of g~rlrnonary surfactant in SP-C 
deficient mice. Psoc Natl AcrtA Sci USA, in press. 

153. F Dan'iois, S Zalta~h, J Johansson. B Robertson, HP Haags~nan, M van Eijk, 
M F  Becrs, F Roflin, J-M Ruyssclaaert, G ‘brandetlbussctle, Very low; sitri', ~ictant 
protcin C, contents in newborn Beigian whtkc and blue calves with respiratory 
disrress syndrome, Riizchern 5 351 :779-787, 2000. 

L5S. A von Nahmcn, A Post. IIJ Galla, M Sicbcr, Thc phasc kchavic~r of lipid 
moaolayers containing pialmonary surpdctant protein C srtldi~d by fluorcs- 
oelzce light microscopy. Eur Biophys J:359--369, 1997, 

1256. M Amrein, A vnn Naimcn, M Sictter. Scantling furcc and fluorescence fight 
microscopy study of Skruct~bre and functiorn of a model p~ilmonary surfdctant. 
Eur Biaphyr .i 26549--357, 1997. 

1157. G Putz, M Wafch. $1 Van Eijk, kiP Haagsman. Jlydrophobic lung surf~ictrmt 
pr~keins R and C remain sscociated during dynamic cyclic area changes. 
Biochim Biophys .4cta i 453:1265--134. 1999' 

158. S-H Yu, F Ptrssmayer. Role of bovine pulmonary surfa'acta.t~t-associated 
protcirxs in the surface-active property of phospt.iolipid mixtures. PS~ocAlirn 
Hiojshys Acts 1046,233 241. 1990. 

15% K Nag, J Perez-Gil, A Cruz. Kh45V Keough. Ftuorescently labeled pulnzonary 
surf~iclank pnstci~t C in spread phospholipid rnonolayers. Bic3phys J 71 :24h - 
256, k"396, 

160, Y Tanaka, 'T Takei, T Aiba, K Mnsuda, A Kiuchi, T Fujiwara, Development 
of synthetic lung sul Fdctanf, J L~pid Res 27:475.485, I 986. 



A Faoi;t, A vnml Nahmcn, M Schmitt, J Ruths, I I  Ricgler, M Sieher-, 14-1 GaIla. 
Pulmonary surfactant protein C containing lipid films at the air water 
inferface as a model Bar the s ~ ~ r f i ~ c c  o r l a ~ ~ g  alveoli. Mol Msmbrarue Blot f 293- 
4") ,?95. 
A a:on Nahmen, M S~Sst-rctlk, %I Sieber, I\?I Amrein. 'l'he str.trcttzre af a model 
pulmonary surfactant as rcvealcd by scanning force microscopy. Biophys J 
72:463 -46'3, 1997, 
MM Llpp, KYC Lee, JA Z~isadzinski, ANT Wrtring. Phase and mctiphnlogy 
changcs in tipid mor~olnycrs ilrduced hj3 SP-B protein stnd its amino-tcrmii~al 
peptidc. Science 273: 1 196- f 199, 1996. 
MM Lipp, KY Lee, DY Takamoto, JA  Zasadzinski, AJ 'ix'aring. Cnexistcncc 
of buckled and flat n~crnolaycrs. Phys Rev Lett 81:165I> 1651: 19998. 
&I L&ongo, A Bisagnu. .I Zasadzinski, R Bruni, A Waring. A function of lung 
surfactant proteirm SILB, Scier~cc 26 1 :453456, 1993. 
.1 Ding, DY Takamato. h vurt Ktthmen, MM kipp, KYC Lee. A Waritag, J 
Zasad~inskt. Effects of t~rng surfitctant proteins SB-FB and SP-C palmitic 
acid and illorlolayer stability. Bioyzllys J 80:2262-2272, 3001. 
K &lIEIi, JM Hernnnde7-Juvicl, R Tcinc7s.iceal1u. FJ Waltl~cr. Synthetic mimics 
of srrrfactant proteins El and C: in a.itro surface actisiry and effects 011 lung 
compliance in two animal models of surfactant deficiency. Mrd Genc Melab 
63:116-125, 1995. 
EP Trlgellito, LA Mark, J Mt~rris, FF Es14arusa, RD Kaaulm, M dol-rctlnson. 
Bioplnysical charrtctcrizatiun :ind tarrtdcling of  lung surfactant colnponents. J 
Appl Physitri 86: 1702--1714, 1999, 
EP Tngcnito, R Mora, L Mark. Pi~otal roEc of anionic phospholipids in 
determixling dyoam~c bel~avinr ofitmrmg surfactant. Am J Respir Crit Csrrr: Ned 
f C~I:S31-838, 21J06f. 
P Rriiyer, h4 Schalke, Z %Vangl RE1 Norrer, ITtA Dlulty, M Liische. EfTcct of 
hyrfrophohic qurfactant pept~des SP-B and SP-C on binary phospholipid 
mc~~ioEaycns I.  I%orcsccnce arad dark-ikld rnicrt>scupy, Riophys J 77:9133- 914, 
1009. 
kfM I,ipp. KYC tee,  A Warit~g, JA Zzsadzinski. Fluorescence. polarized 
fluorescence. and Bre16ster angle nlicroscopy crf palnlitic: acid and lung 
surfactart8 protein I3 monolayers. IBiophj-s J 722783--2804. 1997. 
K h;:ig. J Perer-Gil, MLF Ruano. LAD \Vorthm;tn, J Stewart, r &I:ah;:~ls, 
KM%%cough. Phase transitions in iilms oP Iung starftictant at tht: air-water 
tntzrhce, Biophys J 73:2483 2995. 1998, 
K Rodriguex-Capote, I(. Sag,  S Schiiii~~1h~ F Posstriayer. Surfitctanr protein 
~ n t c r : ~ c L i ~ n ~  with neirrral and acidic pB1ospf1o14pid films Axra J Physiaf Lung 
Cell Mol Physinl 28 1 :E23 1 -91,242. 2001. 
J Gucrkc, .I Gon~xlcs. Tclnzpcrrz%trrc depcnrlence of dipaltaaitoyl pbosphati- 
dylchohne monolayer srability. J Appl Phq a01 5 I :  i 108 1 J 14, $981. 
S Schibrch. Surface tenGiort at l tnv  lung vol~ir~~es: dependence on rime and 
i i l ~  cola1 sizc. Rs;.;pir Physiol 48~339 -355, 4982. 
R.I King. "The srtl-fiistant sgrstcm of the lung. Fed Pruc 31:3238 224?, 1974. 





S Schfirch, H Bachofen, J Goerke, F Green. Sxlrfit'ricc properlies of rat 
pulmonary surfactant studied with tltc captive bubblc method: adsorption, 
hysteresis, stability. Biochinl Biophys Acra 1183:177--136, 1992. 
G Putz, J Gaerke, S $chiirc;h, JA CIelner~ts. Evaluation of pressure-drive11 
captiye bubblc surfacnometer. J AppI PhysioB 76: 1417-- 1434, 1994. 
MS Bermel, JT McBride, RM Notter. Lavaged excised rat lungs as model of 
surfitclarst deficiency. Lullg l62r99--113, 1984. 
G Enhoming, IS Robertson. Lung expansion in the premature rabbi1 fetus 
affer tracheal deposition of surfactarat, Pediatrics 50:5946, 1972. 
FH Adams, B T~wer ,  AB Osher, M Ikegam, T Fujiwara, Efkct of tracheal 
instillation of natural surfactant in premature larnbs. I. Clinical and autospy 
findings. Bediatr Res 123841-848, 1978, 
EA Egan. W E  Notcr, MS Kwong, DL SIaapiro. Natural and artificial lung 
surfactant repktcement therapy in premature lambs. 9 Appl Physiol 55:875 
883, 1983. 
DS Durand, R1 Clyman, MA Hcyman~,  fA Clcanents, F' Mauray, J 
Kittennan, f Ba1Hard. Efficts of protein-he, synthetic surFdctant crn survival 
and pulmonarj function in preterm lambs. J Pedialr 107:775-780, 1985. 
if-d Maeta, I) Vidyasagar. 2' Kaju, K Bhat, M Matsudu. Kespanscs to bovine 
surfactant ISurFdctanl Td't itx two different HMD models (lambs and 
baboons). Eur 3 Bediatr 1147:162 -167, 1988. 
G Enhorning, D Hiil, G Sherxvtaod, E Cutz, e l  al. Improved ventilzxtion in 

prematurely derived prinnates Cc~llowing uacheaI deposilio1-r of surfactant. Am 
J Ohstet Cynecol 132:529- 536, 1'978. 
C Rose, A Carbet, G Bast, J Garciaptats, L 1-ombardy, IP Wold, D 
Dunlon, W Long. Improved outcome at 28 days of very loliv birth tvcigl~t 
infants treated with a single dose of synthctih; surfitctant. J Pediatr 117.947- 
953, 1990. 
AJ Cclrbet, R Bucciarclli, SA Gddman. M Mammet, D Wold, W Long. 
Decreased mortality in small premature tr~f~ints treated at birth a single dose of 
synt1aetic surftxfilclanl: a multicenter trial. d Pediatr 1 18:277-2847 1991, 
MS Dunn, AT Shcnn?xn, F Possmayer. Singicr- versus n~ulriplc-dose surfactan1 
replacexnent therapy in neonates at 30-36 wceks gestataon ~ i t h  respiratory 
distress syndrome. PceliaI~'ics 8 6 : 5 6 6  571, 1990. 
H Hafliday, Bverxietv of clit-iical trials conlparing natural and synthetic 
surP~cta~.its. B id  Neonate 64 Suppl 132-37, 1995. 
ML Huclak: BJ Martin, EA Egan, EJ Matteson, 9 Cu~jmings, AL Jummg, Ltr 
Kianberlin, RL Autea. A h  Wasenberg, J&L$ Assefin, MR Belcastro, PK 
Donohue, CR Eramtn, R D  Janrsen, AS Brody. A multicenter rands~nized 
masked cornpansou trial of" synthetic: buxfizctanl versus calf lung srtrfitctant 
extrasr in the preven~tirsn af nearnstal  respirator:^ distress syndrome. Pediatrics 
lf)0:39--5C#, 1997 
G Enharning, A Shcnnan, F P~tssnaycr, M Dunm, CP Chen, J hjiliigan. 
Prevention of neoraatal respiratory ciistress syndrcme by tracheal instillation of 
surfaetalat: a sundcsari~..ud clirrical ta-ial. Pediatrics 76: 145-153, t985. 



Biomiaetia: Lung SuHaelsant Replacements 627 

J Smyth, I Metcalfe, P DufEy, F Possmayer. M Bryan, G Enhorning. Hyaline 
xncmbrane disease treated with bovine stirP&ctmts. I'ediatrics 71~913 917, 
1983. 
M lkegau~i, Y Agata, T Efkady, M Wallman, D Berry, A Jobe. Comparison of' 
four surfactants: in vitrv surface pre3pe~kies and responses of pretorm lambs to 
trcarmclnt at birthfi, Pediatrics 79: 38-46, 1987, 
d.B Cumminps, BA Halrn, MI, Hudak. WH Fergusota, EA Egan. A controlled 
clinical compnrisors of four different surhc$:rnt preparations in surfactant- 
defie~ent preterrn lambs. Am Rev Kcspit- Dis 145:999-1004, 1992, 
M Haallman, TA Merritt, A L  dart~enpaa, B Boynton, F kkdnnino, L GHuck, 
DK Bdwzrds. Exogenous human surfi~ctank for treatment of severe 
respiratr~rq distress syndrome: a randonzized prospective cli~ziral trial, J 
Pcdiatr 106:363--969, 1985. 
JD ICIo~bar, LL Wright, RF $011, EC l%iriglat, A FanarofF, SB Korc>nes, 
S Sharakarrzax, W Oh, BD Fletcher, C:R Bauer, JE "I'yson: SA Lemons. 
A mezlticcntre randsmised rsial cornpiiring t a w  surfactants for thc 
treatmer~t of necanatal respiratory distress syl~dsome. J Pediatr H23:35T- 
766, 1993. 
RF Soll, RE Hr~ekstra, JJ Fangham, '43 Corbcr, JM Adama;, K Schulze, "dbT 
Oh, JD Roberts, JP Dorst, SS Kramcr, AJ Gold: EM ZoSa, SD Horbar, TL 
McAulifk, JF; I,\xccy. Multicenter trial of singSe-dosed modified surfactant 
cxtrnct (S~trvantcr] for preyeltton of respirat6~ry distress syndrome. Pediatrics 
85: 1092-1102, f 991). 
CP Spzer, Q Cscfelier, P Cz'rrc~neek, E Laukarter, C Roll, L Hanssles, K I-aarnas, 
E Herling, PI Boenisch. J IVi~~deler- B Robertson. Rundalrllzcd elinicai tri:ti of 
2 trealmertt segin~eras af n~atural surfactallt preparations in ncr~natal 
respiratory distross syndrome. Arch Dis Chiid 72:FS-F13, 199 5. 
A Whiteitiw, Controversies: synthetic or natural surfactan$ trcaiavrent for 
respirairory distress: syndro~-rleTl~e cast: for 5ynthetic surfactant. J Perinat 
Med 24:427-435. 1996. 
FR Mnya, DR Hoffn~arn, B Zhao, JM Johnstoim. Platelet-acti.crating factor in 
surfaclal~t preparations. Lancet 341 :RS8-860, 1993, 
DS Strayer, 'TA Mcrritr, J Lwebuga-Mukasa, M I-laIlman. Surfactant anti- 
srarhctant im~nurae cnmplewes in rnfttnts with respiratory distress syndrome. 
Am J Patho% 122:353- 363, 1986, 
S Chicia, LTS Pkelps, KF Soll, k1W Tacusch. Surfactant proteins and aeall- 
surkjctant ax~tibodies in sere from infants with respiratory distress syaadroms. 
Pediatrics 88384- 89, 49991. 
TA Merritt. M Mallman, BT Bloom, C Berry, K Bcnirscl~ke, I> Sahn, T Key. 
D Edwards, AL S a r t t e i ~ ~ ~ a ,  M Pohjavriori, K Kanakaaapaa, M Kunnas, M 
Paatera, J Rapola. J Janskrlaixacm. Prophyizceir treatment of very premature 
inSa';lrals with 'ilumaa surfacxant. N Engl 9 Med "s lli:785-- 790, 1LZX6. 
l3T Bloorn, P Delanore, T Rose, T Rawllns. Human and calf f ~ m g  surfactant: a 
csmparisat~. Meonat lntcns Care, Marc&t:A~>ril:S 1-35, 1993, 
Use of purxlaclanb suspended. April 29, 3800. 



Wu and Barran 

SB Ainswarth, WlW Beresford, DWA Milligan, NJ Shatv, JNS Maithews, AC 
Fenton.. MPW Platt. Pumactant and porr-lccani a lh  for treatment of 
respiralorp distress syndrome in neonates born at 25- 29 wccks' gestation: a 
t-andcrrnised trial. Lancet 355: 1387-1392, 2000. 
TCS Croup. Teti centre trial of artificial surfactant (artificial lung expandirlg 
compound) in very premature babies. Br Mcd J 294:991. 1987. 
ML Choukraun, B klarzas, H Apere, M Fayon, WT G~ilperit~e, I f  Guenard, JC 
Dernarq~~ez. Pulmonaq mechanics in ventilated preterrn infants with 
respiratory distress syndrome after exogenous surfactant administration: a 
comparison between two surhcfant preparations. Pcdiatr Puln~onol f 8:37? 
278, 1994. 
H Haliiday. Natural vs synthetic surfactants in i~eonatal respiratory distress 
syndrome. Drugs 5 1 :21,8-237, f 996. 
RF Soll. Surfactai-~t therapy in the G'SA: krials and current routines. Bial 
Neonate TI:] -7 ,  1997. 
JW Schilling, RT White, B Cordell. Recoinbinant alveolar surfactant protem. 
U.S. Patent No. 4,659,805, 1987. 
D Hafniner, P -6  Gertmnn, D Hauschke. Effects of rSP-C surfactant on 
oxygenatiots and histology in a rat-lung-lavage model of acute lung injury. Am 
J Respir Crit Care Med 15X:270- 278, 1998. 
JM Weiner, ED I,emire, MIL Elmcs, RP) Bradley, DG Scraba. Overproduction 
of fumnratc rcductase in Escheriehia coli induces a l?ovel intraccllular lipid-- 
protein organelle. ,I Racteriol X 58:590-596, i 984. 
3 Pkrez-Gil, C Casals, D March. Interactions of l~ydrophobic lung surfacta~lt 
proteins SP-B and SP-C with digalmitoylphosphatidy1~hoIine and dipalmi- 
toylphospl~atidyIg9yeerol bilayers studies by electron spin resollance spectro- 
scopy. Biochemistry 3%:3964 379 1, 19995. 
A Clercx, G Vandenbussche, T Curskedt, 3 Jahansson, H Sarnvall, J-hf 
Ruyssclsi.lert. Structural and functional impot-tancc of the 6-terminal part of 
the pulmonary surfactant polypeptide SP-C. Eur J Biochem 728:4GS--472,1995. 
SD Revak, TA Merritt, h4 Hallman, G Meldth, KG La Polla, K Noey, RA 
Hnugi~ton, CG Cocfxrane, The usc of synthetic peptides in the formation of 
biophysicafly and biologically active p~rlmonary surfactant, Pediat Res 
29:460-465, 199 1. 
LM Gordon, S Warvath: ML Longo, JAN Zas~zdzinski, HW "l'acuscl-n. Ii 
Fde~ll, C kcung, ,U Waritng. Conformation and molecular topography af the 
N-terminal seglnent of surfactant protein B in structure-pmmcrting environ- 
mcnts. Protc~n Sci 5:1662- 1675, 19?6. 
FJ Walther, 3 Hernandez-fuviel, R Bruni, fnJ '&rlyaririg. Protcil~ composition of 
synthetic surE.c~crant affccrx gas exct~ange in st~rfac~amtt-deficient rats, Pediatr 
Res 93:66&-673; 1898. 
kM Gordi~it~, KYC kec, MM Lipp, JA Zasad~imski, Fa Wafther, IblA 
Sl3ermai1, AJ Mfaring, Conhrmatiornal mapping of the N-terminal scgnmenl of 
surfactant protein B in tipid using "c-enhatlced Fourier transfc)m laafrared 
speciroseopy, J Pep1 Res 55:330-347, 7000. 



Biiomimeti~ Lung Sudactanlt Replacements 629 

M Gustafswn. J Thyberg, J NasIurrd. E Eliassun, J Jotaansson. Amyloid fibril 
formation by pulmonary surPactant protein C. FEBS Lett 454: 138-142, 1999. 
JD Amirkhanian, R Bruni. AJ \Paring, C knvar, HW Taeusch. Pttll-length 
synthetic surfactant proteins. SP-C and SF-6, reduce surfactant lltactivatitrti 
hy serum. Biochim Biophys Acta 1 1 58:3 15-320, 1993. 
E Youse%-Salakdeh, 9 Juhansson, R Strumberg. A method for $- 2nd 0- 
palmitoylation of pcptides: synthesis of pulmonary surfactant-C ~~lrodels, 
Biochim J 343:557--562, 1999. 
N Mbsgwu, R Brurzi, SM Hernanelez-Juvid, A5 Wsring, FJ Wixfther. 
Sensitiviry of synthetic surfactant to albumin inhibition in prctenz-r rabbits. 
MQE Genet Merab 66:40-48, 14'99. 
T Szypcrski, C Vandenbussehe, T Curstedt, .I-k4 Wuyhschitert, K Withrich, J 
dohansson. Pulmonary surfactant-associated polypeptide in a mixed organic 
~alvent t ra~rsforrns from a rno~~ornerlc tu-l~etieal state into insoiu'nle /?-sheet 
aggregates. Protein Sci 7:2533--2540. 1998. 
B Sun, T Kobayashl, T Curskedt, G Grossman. B Robertson. Eur Respir J 
4:364-370, 194 1 
IB Frisch. S Muller.. 3P Briand, MHV van HCcgenmorteI, F Schuber. Parameters 
affecting the immuraagenicity of a liposome-associated synthetic hexapeptide 
antigen. Eur J Imnaunol 21:185-193, 1991. 
M Gustafsson, G Vandenbussche, T Curstedt, J-M Ruysschaert, J Johansson. 
The 21-residue surfactant peptide (LysLeu4)4Lys(KE4) is a transtllembrane 
alpha-helix with a mixed nanpo1ar;polar surface. FEBS Lett 384: 1 85- 188, 
1996. 
CG Cochrarte, SD Rcvak. Protein and phospholipid interaction in pulmonary 
surfactrent, Chest 105:54S" -525, 1994. 
ST) Revak, TA Merntt. CG Cachrane, CP Heldt, MLS ,41bertsp DW Anderson. 
A Kheiter. Efficacy of' synthetic peptidc-containing surfactant in treatment of 
respiratory distress syndsome in preterm infaat Khesus rnotlkeys, Pediatr RFS 
3937 15-424, 1996. 
GG Cochranc, SD Revak, TA Merrirt, GP Heldt, M Mallman, MD 
Cunningham, k3 Easa, A Pramaxaik, DK Edwards, MS Alberts. The efficacy 
and safety of Kk4 surfactant in preterm infants with respiratory distress 
syndrome. Am J Respir Crit Care Med 153:44)4-410. 1996, 
U. S. drug firm revamps Eatin American baby rrial. CKN. April 5, 2001. 
RN Zuckennann, JM Kerr, SUII Kent, WH Moos. Efficient method for the 
preparation of peptoids [oligo (N-subs~ituted) glyciaes] by submc>nomcr solid- 
phase synthesis. J Am Chem Soc 1 14: 1(l63&10647, 1992. 
SM Miller, RJ Simon, S Ng, KN Zuckrrmann, Jkl Kcrr, RrH MOOS. 
C~tmparison af rhe prcrteolytic suseepribiIitics of Aan~ofogous L-ammo acid, D- 

amino acid, a ~ i d  N-substituted glycine peptide and peptoid ofigomers. Drug 
Dev Res 35:20-32. 1995. 
JA Gihkcnc, AA Hancock. C'K Vitt, S Knepper. SA Buckner, M E  Hrmne, 1 
Milicic, JF Kcrwin, LS Richter, EW Taylot, KL Spear. RN Zuckermann, DC 
Speilmcyer. Ig.4 Braeckman, U'H Moos. Phamacologic characterization of 



630 Wu and B a r r ~ ~ a  

CH-ELR 2279, an hi-suhstittrted glycine peproid with high-a%nify binding for 
~x~-stdrenoceptt:rs. J Pharrn Exp Ther 277:885 -899, 2996. 
GW Wu, 'FJ Samfaorn, RN Zuckcmann, BE Barron. Pcptsid oligorncrs with 
a-chiral, ;~romalic sidechains: effects of chain length on secondary structure. J 
Am Chcm Soc 123:2W8-2963, 7001. 
K Kirshex~baum, AE Barran. P Armand, R Go lds l~~ th .  E Bradley; FE Cohen, 
KA Dill, RN Zuckea-mann. Secluencc-spco~fic ~-tolypeptoicis: a diverse family of 
Sreteropolymers with stable secoj~dav slructure. Pstzc Nwtl Acad Scl USA 
515:43034308: 19918. 
P Amaxld, M Kitsheilkurn, RA Gctlctsmilh, S Farr-%ones, AE Barron, KTV 
Truamg, KA Dill, D12 Mierkc, E'E Cohcn. RN Zuckemann, EX Bradley. 
NMR dstermit~ation of the az-najor solartion culafo~mation tzf a peptoid 
pentam~r with chiral side chains. Proc Nail Plead Sci USA 9.5:43094314, 
1998. 
P Armand. K Kirshenhaum, A Falicat., R L  Dunbrack Jr., KA Dill, RN 
Zuckermarln, FE Cohcn. Chiraf N-alkylated gfycirles can fon-1-n stable helical 
co-rzfosmations. Fold Design 2:3639--375, f 997, 
CW Wu, TJ Sambon~, AE Waraun, Peptoid oligomcrs with a-chiral, aromatic 
sidechains: Sequence requircme~~ts for the fol-mation of stable peptoid hcliccs. 
.T dm Chem SQG '1 23:677X-6784, 3001. 
CW Wu, KYC Lcc. AE Barren. Poly~~upioitls f<,r biological min~icry of 
surfactant proleins: a novel exogenous lung siirfractant replacement. Biophys J 
80:2553, 2001. 
HL Halliday. Sy~ltt-setic. or rnaturtrl surfactants, Acta Pacdiaat- 86:233-237, 1997. 
AR Pramanik, KB I-ioltzman, TA Merritt, Surfactant rcpiacelllent therapy for 
pulmonary disrease,a. Update Neoncftol 40:9 3 3-936, 1993. 
B Robertson. New targets for surfactant r~placerne~lt therapy: cxperin~enkal 
artd clinical aspects, Arch Dis Child 75:FI-F3, 1996. 
It4 Sun; 8 Hertinag, T Curstdt, T.3 Robertson, Exogenous srnrf~ictant improves 
lung cornplia~nce and oxygenation in adult rats with mecnnium aspiratiea. J 
Appl Physiojl 77: 1961 -1 97 1. 1994. 
E Herting, C Jarstrand. 0 Rasout. T Curstcdt, B Sun. B Rcrbertsoo. 
Experimental neonatal group-B streptococcrtl pneumonia: effects of la 

modified porcine sur&ici:bant on bactericel prt>fifes:rtiort in vttn~itated neur- 
term rabbits. Pediatr Rw 36~784--791. 1994. 
JF Lewis, AH Jobe. Stlrfi~ctant and adult respiraxory dlseress syndroa21e. Am 
Rcv Respir Dis 147:215-233, j993. 
KG Spragg. et al. The adult respiratory distress sy-eadrurrme: cli~lical aspccas 
relex7ctx1t io surfi~ctant suppte~nex~tativn In: B Rolkertsotl, cd, Pulmvnasy 
Surfacsant from Molecular Biology to Clinical fVractice. Amstcrdatn. Elsevier, 
2 992. pp 685-703. 
EX McC'ormack. Molecular biology of the surfaclammt apops&t%ein. SEM 
Respir Crit Care Med Ib:29-38, 1995. 
GR Bernard, A Artigas, KL, Hngl~am, J Carlei. K Falike, L Hudson, M Lamy, 
JK LcgaB1, .A %$orris. R Spl"8yg. %he A~~~erican-Europe:lra consensus 



Biomimetl9: Luag SudacZanB Replacements 63 1 

conference C)D ARDS: definitiotxs, mechanisms, rclevant outcomes, and 
clinical trial coordination. Arn J Respir Crit Case Med 144.818 -424, 1994. 
JE MeBner, LK Brown, CA Barbicri, KS IIarpel. J DcBeo. Prospective 
validation of an acute respiratory distress sjndsome predictive score. Am J 
Rcspir Care Mcd 152: 15 18 f 526, '15195, 
B Krafffi, B Fndrich, 'T Pernerstorfer. RD Fitzgeratd, D Kac, B Scl~neider, A F  
Hammcrle, N Sleltzcr. The acute respiratory distress syndrsm; definitions, 
severity, and clinical outcamc. An analysis of 101 clinical in~cstigntians. 
Intells Case Med 2251 9-529. 1996. 
A Jobe, M Ikegami, H Jacobs, S Jones;, I3 Conaisiay, Bernseability sf 
premature lamb lungs to protcin rind the cffeci of surfactant or:! rl~aa 
permeability. J Appl Physiol 55: 169-1 "9% 1983. 
32 Gregory, JE Gadck, JE Wciland, ct al, Survanta st~pptemeratatiun in 
patients with acute ~cspirarory distress syndronrae (ARDS). ,4121 J Resp Cell 
Mol Biol 149:A5#7, 1994. 
R C  Spragg, N Ciilliard, P Rich~nan, RM Smith, %n Hite, Pli Pappert, X4 
Robertso~n. T Gurstedt. D Strayer. Acute effects of a singlc dose of posci~lc 
surfactant on patients with iirlult respiratory distress sjmdrome. Chest 
405:195-203, 3 994. 
D Hgf~~er,  R Beume, U Kiliarm, G Kramai, B L~gchmanrl. Dose T ~ S P O ~ S C  

cornpa"i"~ns of five k n g  surfdctant Factor (I,SE') preparations in an animaf 
model of adult respiratory distress syndrome [ARDS). Nr J Pharmarol 
I 1 6:45 1-458, 1995. 
DF %fillson, JH Jiao, LA Bauman, A Zaritsky, J-% Craft, K Duckery, I3 
Conrrzd, I3 Dalton. Calfs lung surfactant extract in actcure hgipoxemic 
respirntory failure in children. Ctit Care Med 24:I 31&1322, E996. 
3 Kattwinkel, Surhctans: evolving issaes. CI4n E3erinatol 25: 17-32, 1988. 
M Griese, P Rirrer, A Delsnirsoy. Pulmonary sztrhctaat in cystic fibrosis. Eur 
Respir J 1011983- 1988, 1997. 
RH Notter. Lung Surlac~ants: Basic Science and Clinical Applicaticsnr. New 
York: Marcel Dekker, 2000, 
LhJhlB Creuwels, MC van Golde, HP Haagsmalz. The pulmonitry surfactant 
system: bioc1remic:il and clinical aspects. h n g  175:l 39, 19997. 
J Johansson, T Curstedt, B Roher'Lscsn, Synthetic psofein analogues in 
artificial surpdctants. Acta Pacdsatr 85:h42 646, 1995. 
G Gaincs. Insfaluhle h/Ionolayers at kiywd-Gas Interfaces. Netv York: 
Inlcrscicnce, t 966. 
JW Kendig, KH Notter, C Cox, J Z  Aschncr, S Bcnn, WM Bemstein, K 
Hel~drieks-Munoz, WM Maniscalcct, LA Metlay, DL Phehps. DL Shapiro. 
Surhctant replaelnent therapy at birth: final analysis of a clinical [rial and 
cosnparisons with simiiar trials. Pediatrics 82:75&752, 1988. 
MS Mw-ong, EA Egan, RH Notter, DL Skapiro, 19 double blind clinicat trial 
of calf lung surfitciaat extract h r  thc prevention of hyisline memlsrane disease 
in ex~remlely premature inf;ints. Pediatrics 76:585-592, 1985. 



WU and Bairron 

DL Shapirct, WH Notter, 1; Morin, KS Delelga, LM Golub. RA Sinkin, KE 
Weiss, C Cox, A douhlc blind randomized trial of calf lung smt'saotant extract 
adn~inistered at birr11 to very prernilturc inf2111t.s fijr preventic3tl 04' respirator) 
dibtress syndrome. Pediatrics 76:593 599, 1985. 
T Ft~iiwara. W Roherrson, Pharmacolngj of exogenous surfa'act~tnt, En: R 
Rohcrtson, LMG van Goldc, JJ Batcxxbul-g, eds. Pulrnotlary Surfiictnnt. 
Arnsterdantx: Elsevier, 1991, pp 561-592. 
T F~ljiwara, M Kcminishi, S Chida, Y Bkuyarna, Y Takcuchi. H Nishida. H 
Kito: M Fujiwar, H Nakamura. Surfactant r'eplnwment therapy with a single 
post-ventilatory dose nf a reconstiruted bovine qurfactant in prete~ln neonates 
with respiralcjry distress syndromc: final analysis af a multicenter, douhlc- 
bfind, randomized trial and comparison with similar trials. Pediatrics 86:753 
764, 1990, 
M Ronishi, T Fttjiwsra. T Naito, I' Takeuchi, V Ogawa, K Inukai, &I[ 
F'ujlwara, H Nakamura, T Has3ilimoco. S~~rfiictant replacenlent therapy in 
neonatal respirittory ~Qistress syndrrame-a wlulticr~ztcr, randomized cli~lical 
trial: comparison of high tcrsus low dose of surhctant-TA. Eur 9 13ediatr 
147:20-25, 11188. 
JD Gillin, RF Sc~ll: RB Pnrad, JD EEorbar, HA Feldman, JF Lucey-, HJV 
Taaaescfi, Randomized controlled trial of exogenous surfactant for treatment 
of hyaline membrane disease. Pedirirrics 7921-37. 1987. 
HW Trtcusch, KMM3 Keough, %r Williams. R S1a-ttia, E Steclc, AS E,ee, R 
Pl~elps, N Xariei, J Floros, ME Aver). Characterization of bovine 
surf'ictant for ini'anli with respirator'y distress syndromc. Pediatrics 
77572 581, 1986. 
E Gortnes. F Pohlandt, B i3isse, E Weller, EfYecrs uf bovine surfactant in 
premature lanahs after intlsatrachea1 application. Eur J Pediatr 149:280-283. 
f 990. 
P Bartn-ransx. U Harnberger. F Pohlandr, & Gorttter. Fnzmunc~genicity and 
inamunomodufatory activity of bovine surfactant (SF-RJ I). Acta I%acdiatr 
813383-388, 1992. 
%IS Dunn, AT Sherman, B) Zayack, F Posslaayer. Bovi~le surPi-tctant 
r.eplrrcement in neonates of less than 30 wccks gestation: a randomized 
controfled trial nf prophytaxis vs. treatment. Pediatrics 8737-356,  1993. 
JD Ilorbar, R Solt, JM Sutherland, U Katagal. AG Philip. DL Kessler, @ A  
Little, WH Edwczrds, D Vidyasagar, 'I'N Raju. R multicenter randomized, 
placebo-controlled lrial of selrfactanr therapy for respiratory distress 
syaldron~e. N Engl J Mcd 320:959 905, 1989. 
JD Hnrbar, WP: Soll. H Schachinder, G Keu'itz, H'1 Vcrsmold, $I' Lindcr, G 
Duc, D Mieth, 8 Linkerkamp, EP Zilotv. A Europcatn m~llticcntcr 
randornizcd trial of single dust: surfactant therapy for idiopathic respirator? 
distress syndrome.. Bur J Pediair 320:959-"95, 1990, 
EA I,iechty. 6 Donovan. 19 Purvhit. J Cilhooly. B Fcldmrzn, A Pioguchi. SE 
Denson. SS Sehgai, E Gross, D Stevens, M Hkegrami, RD Zachrnara, ST' 
Carrier, JM Gunkel. AJ Gold. Reductic~n of neonsnral taior~aiitg. after mt~ltiple 



Bigsmimelie Lung Sudaclant Replacements 833 

doses of b o ~ i n c  surfric.tanr in lot? birlll weight neonates with respirator! 
distress syndrarne, Pcd~atrics XX:I9- 28, 1991, 
E Redenti, T Peveri, P Irenturn. %4[ Zannl, A Sels-a. Chnractcrization of 
phospholipidic componcllts of tile natural pullrrunsry uurkxtatlt Curosurf. I I 
Farrnacu 39:285-289. 19-94. 
W Long, R Ct3fto11, A Corbee. S ronrtnrry. C'; McCuincss. I? W:xlfer, 3 Watts, 
J §myth, W Bard. %' Cherniek, h cnlstrollect trial of syrsthztic surf:ictant in 
infa~lts weighing 1250 G 01. rawre with respiratory distress syndrame. P.I Eagl J 
Med 325: 1696- 1703. 1991. 
W Long. T Thompson. H Sundell, R Sch~amachcr, F Voll-scrp. R Gi~tllrae. 
Effects of two rescue doses of  a synthetic surfi~ctant on   no reality in 701! f 300 
gram infants with RDS. f f'cdiatr 1 1 8,595--605, 199 I .  
A Mrilkinson, Jenkins, 5A Jcffirey, Two controlled tr~alc of dry :~rhificial 
surfactant: early effects and later. otatcomz in hahies wilh s~~rfaclant  deficieracy, 
L a n ~ c l  2 : X - 2 ' 3  1 ,  f 985. 
'bx; Seeycr, C Thcde. A 6-iirlttic.r. 6: Grube Surface properws and scnsiriu~tl to 
prclteln-inhibit~on of a recomhinaltt aproprotein C-based pfnospkoilp~d 
cr~ikrur-s in virro: cornpanson to ~latursl surfaetan~. Biochim Blophys Acta 
1081:45- 52. 1991, 
E"j9 Benson. Gcneticallg. engi~zccrcd human pull~~i~r~nrq scrfitctant. C3111 
Perillato! 20,791-81 1, 1993. 
klg ilkegan3i, AH Jobc. Surfactanr pro~em-C in. ventjintrd premature lamb lung. 
Pediwtr Kes 44:X60- 864, 1998. 
J kcnlis. L McCraig, D Hsft~ea, R Spragg, R Veldhuizen. 9' Iierr. Uoslrtg i i ~ d  
delivery of reeornb~na~rt surfactant in lung-irqjured sheep. .4r11 J liespir Crit 
Care Mzd 159:74 1- 747, 1099. 

Gustafsscan, 34 Paln-tbXad. T Cucstcdt, $ 3c)hansson. S SchursHn. 
PalniitoyIatl~n of a pulmntl:~ry surf~tcrat~t protein C alatrlogutt affects the 
surfcace-asso~i~~ted lipid rttscr%oir and i%ilm stabilrt). Biochim Biopkys Acta 
1465: 169- 178, 2000. 
TPa Men-itt, A Khei~er, CG Cschrane. Posit~vt. end-eupnatorg: presmre during 
Kk4 surhc~anr ins!illtition enhances ~ntraptal~noxaar> distributio~l In a simian 
model of respiratc~ry distrcsh syndrome. Pcriitikr Rex 3X.2 t. 1-7 I? ,  1995. 




