
THE phenomenal advances that have 
occurred during the past 1 5 years in 
the surgical treatment of diseases of the 
1eart and great vessels and recently in 

._.mechanical circulatory assistance can 
be directly traced to parallel develop­
ments in cardiopulmonary bypass sys­
tems. The virtues of the presently 
available heart-lung systems are gen­
erally appreciated, however, a broad 
spectrum of deleterious effects upon 
the blood have been recognized which 
at present significantly impede the use 
of these systems for prolonged circu­
latory support. Hemolysis, platelet de­
struction and microembolism resulting 
from extracorporeal circulation and 
oxygenation were recognized relatively 
early but only recently have the alter­
ations that occur at the blood-gas inter­
face received appropriate attention. 

A variety of post-perfusion compli­
cations have been reported including 
hypotensive reactions 20 , blood coagu­
lation defects 12 and the "post-perfusion 
lung syndrome" 8 • In most instances 
these problems were attributed to trau­
matic alterations in the formed ele­
ments of the blood until plasma protein 
1enaturation at the blood-gas interface 

-._~.vas recognized 16• These and many 
other related discoveries have provided 
a stimulus to increased investigations 
of the dynamics at the blood-gas inter­
face and a wealth of pertinent informa­
tion has become available. 

The importance of continued prog­
ress in this area cannot be over-esti­
mated since the key to revolutionary 
developments in mechanical circula­
tory and respiratory assistance prob­
ably lie in the resolution of the kinetics 
at the blood-gas interface. For this rea­
son it seems pertinent to review and 
summarize the presently available in­
formation concerning plasma protein 
denaturation at the blood-gas interface 
in extracorporeal oxygenation systems. 

Protein Architecture 

The current concepts of protein 
structure are largely based on theoreti­
cal considerations and three levels of 
organization, primary, secondary and 
tertiary, are thought to exist in the com­
plex architecture of a protein. 19 The 
_Jrimary structure involves the linking 

-of amino acids in a unique sequence 
with peptide bonds to form the pro­
tein's characteristic polypeptide chain.21 
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The secondary level of organization 
is concerned with the maintenance of a 
helical configuration in the primary 
polypeptide chain. This helical arrange­
ment is the most favorable energy form 
of the chain, but cannot be maintained 
in a natural environment without rein­
forcement. This configuration is stabi­
lized by hydrogen bonding in a regular 
sequence between the carbonyl and 
imido groups of the amino acids in the 
polypeptide chain. 

The tertiary organization is respon­
sible for the overall shape of the pro­
tein and involves extensive coiling of 
the secondary structure. This config­
uration is maintained by both high en­
ergy bonds such as disulfide bonds, and 
lower energy bonds such as hydrogen, 
salt, phenolic, and hydrophobic links, 
and by Van der Waal's forces. These 
bonds and forces give the protein its 
globular or ellipsoidal shape with ex­
ternal polar groups and non-polar in­
ternal groups. The coiling and folding 
gives the protein its complex and rigid 
structure and is of prime importance to 
the unique properties of biologically 
active proteins. 5 • 16 

Theoretical Considerations 
in Protein Denaturation 

Disruptions of the second and third 
levels of the protein complex are in­
tegral to the denaturation process. De­
naturation, as defined by Neurath 15 , is 
"Any non-proteolytic modification of 
the unique structure of a native pro­
tein, giving rise to definite changes in 
chemical, physical, or biological prop­
erties". This definition excludes hydrol­
ysis of peptide bonds and thus omits 
the first level of complexity from con­
sideration. · 

Denaturing agents disrupt the bonds 
involved in the secondary and tertiary 
levels of protein structure without the 
lysis of peptide bonds or carbon-to­
carbon linkage. The external polar 
groups of proteins are aligned at the 
blood-gas interface by strong electro­
static forces operating from the inter­
face to a depth of 10 to 40 Angstroms. 

This polarization exerts enough 
force to disrupt the intermolecular sec­
ondary and tertiary structures by break­
ing the previously described weak 
bonds. The net result is an unfolding 
of the protein, or parts of the protein 

* From the Division of Circulation 
Technology, School of Allied Medi­
cal Professions, and the Division of 
Thoracic and Cardiovascular Sur­
gery, The Ohio State University Col­
lege of Medicine, Columbus, Ohio 
43210. 

9 

Article available at https://ject.edpsciences.org or https://doi.org/10.1051/ject/1969012009

https://ject.edpsciences.org
https://doi.org/10.1051/ject/1969012009


TI\BLE I. A comparison of blood alterations produced hy 
hlood-gas interface and membrane oxygenators. 11 

'/'est 
Blood-gas interface 
gus e.rc/wnger Memhmne Oxygenator 

Viscosity Increased by 100% Increased by 14% 

Solubility, % 
Change denatured 
protein salted out 

Albumin +89% 
Globulin + 183% 

Albumin + 10% 
Globulin +8% 

Electrophoresis 10% increase in 
Globulin 

2 to 6% increase 
in Globulin 

Turbidity, % 
light transmission 

1 0 to 40% of control 90 to 98% of control 

Cellular Changes Coating of 75 to I 00% 
RBC 

Biological Signs Shock 25% Shock 0% 
Death 16% Death 0% 
Decerebrate signs 48% Decerebrate signs 0% 

structure, into a randomly coiled or 
linear configuration. These alterations 
vary with the pH, temperature, salt 
concentration of the solution, and the 
specific protein involved. 11 

Alterations Produced hy 
Protein Denaturations 

The changes which occur may be 
grouped into several categories as sug­
gested by Neurath 15 : 

1 ) Alteration of normal biological 
activity: Many enzymes lose their cat­
alytic properties, antigen-antibody re­
sponses disappear, and hormones may 
lose their regulatory powers; 

2) Increased reactivity of constitu­
ent groups: Unwinding of protein mol­
ecules exposes the sulfhydryl, disulfide 
or phenolic groups which are normally 
shielded within the protein structure. 
This exposure increases the availabil­
ity of these groups for reaction with 
other plasma constituents. If the mole­
cule transports lipids, these lipids may 
be released and conglomerate to pro­
duce fat emboli; 

3) Decreased protein solubility: 
Spatial disturbances of external groups 
may result in exposure of the internal 
groups of the protein and lead to 
changes in solubility as evidenced by 
precipitation of denatured proteins; 

4) Loss of crystallizing ability: A 

protein may lose its ability to crystal­
lize or form its characteristic crystal­
line shape due to gross changes in the 
protein. 

Lee and associates 11 studied denatu­
ration of plasma proteins at the blood­
gas interface and characterized the 
changes involved in protein denatura­
tion as follows: 

1) Changes in molecular configura­
tion: The changes in protein configura­
tion may produce an increase in inter­
molecular friction and thus explain the 
observed alterations in viscosity; 

2) Alterations in reactivity and ste­
ric configuration: The blood-gas inter­
face may rearrange the protein macro­
molecular structure resulting in floccu­
lation, precipitation or gelling. The ex­
posed non-polar hydrophobic groups 
may then be absorbed on surfaces with 
lipid components, such as erythrocytes. 
This reaction may explain the blood 
sludging occasionally observed in pa­
tients after perfusion and it has been 
suggested that this reaction may lead 
to agglutination 1 ~; 

3) Lipid release: Lipoproteins may 
release their contained lipids which 
may explain the 100% incidence of 
cerebral fat emboli found in post-per­
fusion patients that have died from 
other causes. 11 

Implication of the 
Bloorl-Gas Interface 

Considerable evidence exists that 
blood undergoes harmful alterations...__ 
during extracorporeal circulation. 1 ~ 

Most of this evidence is based on com-
plex determinations which are difficult 
to perform and require special tech­
niques. It should be emphasized that 
the establishment of suitable parame-
ters for accurately assessing the dena­
turing effect at a blood-gas interface 
must include considerations aimed at 
eliminating other possible contributing 
factors. For example, in experimental 
studies blood incompatability may be 
eliminated by priming the system with 
the recipient's own blood. 12 

DeWall and associates~ demonstrat­
ed that many post-perfusion complica­
tions were related to the release of 
hemoglobin from lysed erythrocytes. 
The release of biologically-active sub­
stances from lysed cells may be con­
trolled by either removing the cellular 
constituents 4 or by binding or inacti­
vating the released substances with ap­
propriate pharmacologic agents. 14 • 

The importance of selectively sepa­
rating the contributing factors in order 
to permit valid conclusions was empha- ._ 
sized by Hollenberg and co-workers. 9 

They demonstrated that many post­
perfusion complications attributed to 
plasma protein denaturation were ac­
tually the result of serotonin and hista­
mine release from destroyed platelets 
and that these effects could be averted 
by removing platelets from the system. 

Martin et al 14 confirmed these obser­
vations by means of a different experi­
mental approach which demonstrated 
that the vasoactive responses attributed 
to serotonin and histamine could be 
controlled by the serotonin-hystamine 
antagonist cyproheptadine. 

If the blood-gas interface is to be 
implicated as the major source of plas-
ma protein denaturation, the extra­
corporeal system must be free of any 
defect which would produce similar 
alterations. Meticulous attention must 
be given to cleanliness of every part of 
the extracorporeal circulation appara-
tus and control of temperature and 
acid-base balance is essential. Further­
more, the effects of hydrophobic sur- _ 
faces, such as highly polished metal 
surfaces, tubing, and other nonwetable 
materials, must be considered. Only 
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experiments constructed with careful 
control of these variables can be ex­
pected to produce reliable results in­
dicative of the damage occurring at the 

~blood-gas interface. 

Lee 11 , Brinsfield 3 , Neville 1 G, and 
Dobell 4 have compared the alterations 
in several characteristics of blood and 
plasma produced by oxygenators em­
ploying a blood-gas interface with mem­
brane oxygenators. Results typical of 
those obtained in these studies are seen 
in the experiments of Lee and associ­
ates 11 (Table 1). They concluded that 
the membrane oxygenator was less 
traumatic to the cellular and plasma 
constituents of blood than conventional 
blood-gas interface oxygenators. 

Dobell et al 4 compared animal sur­
vival following administration of blood 
or plasma circulated for prolonged in­
tervals through a screen blood-gas in­
terface oxygenator or a membrane 
oxygenator (Table 2) Y Of particular 
significance was their observation that 
when plasma alone was circulated and 
reconstituted with its cellular elements 
just prior to administration the animal 
mortality was 100% indicating that this 
combination was the most lethal. They 

--.--concluded that the toxic factor was pri­
marily contained in plasma and assumed 
it to he a product of protein denatura­
tion.17 

In addition they found that the mem­
brane oxygenator produced substan­
tially less toxicity than the screen oxy­
genator. As a result of these and other 
studies it is now generally appreciated 
that membrane oxygenators are sig­
nificantly less traumatic to blood than 
conventional oxygenators employing a 
blood-gas interface. 

The degree of plasma protein dena­
turation has been found to be directly 
proportional to increasing time of ex­
tracorporeal oxygenation and since pro­
longed periods of bypass oxygenation 
arc required for mechanical circulatory 
assistance or respiratory support it is 
evident that membrane oxygenators are 
the gas exchange device of choice at 
this time. 

Methods of Modifying 
Protein Denaturation 

\.....,..- Although the membrane oxygenator 
holds promise of being the ideal blood 
oxygenating system, from a practical 
standpoint their use is fraught with 
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many serious disadvantages at this 
stage in their development. As a result 
of the delay in the development of 
practical membrane oxygenators sev­
eral approaches have been investigated 
in an effort to protect blood and its 
constituents from the denaturing pro­
cess, with varying degrees of success. 

Hemodilution has provided some 
protection from protein denaturation 4 

presumably because with dilution the 
blood protein concentrations arc de­
creased hence less protein is present 
for reaction at the blood-gas interface 
per unit of time. Low molecular weight 
dextran is said to reduce blood sludg­
ing1 and decrease protein denatura­
tion. The mechanisms underlying its 
beneficial effects arc poorly understood 
and while it has been postulated that 
low molecular weight dextran provides 
electro-negatively at the blood-gas in­
terface on erythrocytes it is equally 
likely that all of its benefits may be at­
tributed to its hemodilution effects. 

Hypothermia may also be useful in 
reducing protein denaturation. Wilder 
et al 23 found that profound hypother­
mia ( 4 o C) stabilized all blood con­
stituents during cxtracorporeal oxygen­
ation for as long as 15 hours. An equal 
consideration is the lower flows re­
quired during hypothermia thus reduc-

ing the overall exposure of blood to the 
gaseous interface. 

Adrenal corticosteroids may provide 
s;gnificant protection to blood elements 
during cardiopulmonary bypass by ly­
sosome stabilization. 18 Lysosomes are 
cytoplasmic organelles containing many 
acid hydrolytic enzymes within a lipo­
protein membrane. These complexes 
arc present in essentially all body cells 
and the integrity of the lipoprotein 
membrane may be compromised by 
hypoxia, hemorrhage, endotoxic shock 
or other toxic agents, resulting in re­
lease of the contained enzymes and cel­
lular destruction. 

Replogle and associates 18 adminis­
tered massive doses of corticosteroids 
to patients undergoing surgical proce­
dures on cardiopulmonary bypass and 
found a decrease in serum lysosome 
concentrations. They concluded that 
adrenocorticosteroids stabilized cellu­
lar and lysosomal membranes and thus 
decreased damage to the blood elements 
at the blood-gas interface. 

A New Concept 
Several other approaches to these 

problems are being pursued including 
new oxygenator designs. An interest­
ing concept of blood oxygenation has 
been reported by Howlett and co-work­
ers. 10 They obtained efficient blood oxy-

(Continued on page 14) 

TABLE 2. Animal survival following transfusion with blood or 
plasma circulated for extended periods through 
!:'creen or membrane blood oxygenators. 

No. of Time of death after 
Group Type of Experiment Exper. Lived Died bypass (hours) 

A-I 

A-2 

A-3 

A-4 

Screen Oxygenator 
fresh blood 

Screen Oxygenator 
blood circulated 
six hours 

Screen Oxygenator 
blood circulated 
fifteen hours 

Screen Oxygenator 
plasma circulated 
fifteen hours, mixed 
with stored cells 

16 

10 

26 

11 

Membrane Oxygenator 20 
blood circulated 
twenty hours 

12 4 1 26 ] 0-20 36-48 

8 2 4 

4 22 2 7 ] j 

0 I 1 2 5 4 

I~ 2 2 

II 



genation with fluid fluorocarbon. The 
oxygenating system consists of two up­
right concentric cylinders. The inner 
cylinder is open at its top and contains 
fluorocarbon while the inner cylinder 
contains blood which enters at the bot­
tom. As the blood flows upward it ex­
tracts oxygen from the fluorocarbon 
which is not miscible with blood. 

Fluorocarbon is relatively inert, 
lacks biologic activity, has high oxygen 
solubility, low surface tension and has 
little adverse physiologic effects. A great 
deal remains to be learned about this 
technique of blood oxygenation how­
ever, and the development of more 
efficient and practical membrane mate­
rials may be a more realistic approach. 
The use of homologous lungs as an 

1 Berm;tein, K F., Emmings, F. G., 
Mackey, G. C., Castaneda, A., Varco, 
R. L.: Effect of low molecular weight 
dextran on red blood cell charge dur­
ing extracorporeal circulation. Trans. 
Am. Soc. Artif. Int. Organs 8 :23, 1962. 

2 Brinsfield, D., Hopf, M. A., Mayer, 
S. E., Galletti, P. M.: Body fluids and 
electrolytes after prolonged cardiopul­
monary bypass. J. Appl. Physiol. 
19 :566, 1964. 

3 DeWall, R. A., Long, D. M., Gemmill, 
S. J., Lillehei, C. W.: Certain blood 
changes in patients undergoing extra­
corporeal circulation. J. Thorac. Surg. 
37:325, 1959. 

"1 Dobell, A. R. C., Mitri, M., Galva, R., 
Sarkozy, E., Murphy, D. R.: Biologic 
evaluation of blood after prolonged 
recirculation through film and mem­
brane oxygenators. Ann. Surg.161:617. 

r. Conn, E. E., Stumpf, P. K.: Outlines 
of Biochemistry, 2d ed, New York: 
John Wiley & Sons, Inc., 1966, p. 87. 

1; Galletti, P. M., Brecher, G. A.: Heart­
Lung Bypass, New York: Grune & 
Stratton, 1962, p. 24-25. 

7 Galletti, P. lVI., Brecher, G. A.: Heart­
Lung Bypass, New York: Grune & 
Stratton, 1962, p. 229-231. 
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oxygenator 6 continues to reappear in 
the literature in spite of many inherent 
problems which make it unlikely that 
this method will ever be of practical 
significance. Many other areas such 
as hyperbaric oxygenation 7 are fertile 
grounds for investigation and one can 
be reasonably sure that the solutions to 
many of the problems presented here 
arc impending. 
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Summary 

The denaturation of plasma proteins 
at the blood-gas interface is clearly re-
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