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affairs are other major concerns of America’s “Department of

Natural Resources”.
,.

The Department works to assu~e the wisest choice in managing

all our resources so each will make its full contribution to a better

United States–now and in the future.
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development of economical processes applicable to low-cost dernineraliza-

tion of, sea and other saline water.
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SUMMEW

A proEram of exploratory research was undertaken to determine
the permeability properties of natural lipoprotein films derived from
red cell membranes. It was antici~ated that the results of this study
would provide information to Fermit the desi~n and fabrication of synthetic
membranes with properties approaching those of the natural systems. This
work was divided into two major efforts, which were pursued concurrently:
(2) A study of the physical chemistry, esle~ially the YreTaration ~ariabl-es,
of the lipoprotein mcmbranes~ and (P) Measurement of the permeability
properties of these membranes on porous supports.

Earlier studies in our laboratory had demonstrated that thin
lipoprotein membranes having many characteristicsof the intact red cell
mem”mranecould be prepared by reconstitutinga soluble lipoprotein prepara-
tion of the membrane at an airwater interface in the presence of a metal
salt. In order to optimize the strength of these films, the surface
chemistry of their components has been examined in detail.and a brief study
of’membrane protcj.nconformationwas made usins circular dichroism.

The surface pressure-area isotherms were determined as a function
of subphase cation, anion, ionic strength and PH. A curve with two linear
portions intersectin~ at the collapse pressure (mc) was generally found.
At pH 7.4 and constant ionic strength, TTc ranged from 18 to 22 dynes/cm
for the chlorides of Na+, K+, Li+, M + and Ca++. Narrow ranges were also

iobserved for the collapse areas (3-8 ‘/residue) and film thicknesses
(63-156A). The compressibilitymodulus, Cs-l= ‘A,T=W d~ , falling

c ‘dA
between 8 and 16 dynes/cm, was typical of values found for protein films.
LaCls produced the stron~est and thickest film ( Tc = 32 dyne$/cm), but
only at lower pH (1!-.8).Changes in ionic strength had very little effect
on WC, except for the IllNaCl subphase which weakened the film, NiClz also
gave a weak film. Subphase anion did influence mc, giving film strengths
for Ca salts that increased in the following order: NO~-< Cl-< S04=< CfiC@-.
Variation of pH between 2 and 9 produced little effect over KC1 subphases,
but tended to increase “WC somewhat on either side of 7 with CaClz. Treat-
ment of the preformed films with glutaraldehydeproduced a marked increase
in 77C.

The surface chemistry of the isolated membrane protein, model
proteins and mixtures of these with extracted l-ipj.dwas explored on 10mM CaCIZ.
in general, added lipid had little effect on the IT-A curves of the proteins.
However, the pyridine extracted protein ylus lipid curve was nearly identical
to that of the soluble lipoprotein preparation, as was the curve for intact
red cell ghosts.

Circular dichroism (CD) spectra of the membrane protein show that
the secondary protein structure is retained during solubilizationof the
ghwts and extraction of the protein;, but, whereas reconstitution of the soluble
lipqrotein generates an identical CD spectrum to that of the intact ghosts,
addition of extracted lipid to isolated protein does not. CD spectra of model

VII



proteins plus extracted lipid were also obtained. There seems ta be little
relationshipbetween the surface activity of proteins and their secondary
structure. The gel electrophoresispatterns of soluble lipoprotein and
isolated membrane protein are similar.

Attempts to measure the permeability of the unsupported lipoprotein
film failed. Commercial porous support membranes were di~ coated at 10
dynes/cmwith the lipoprotein film by a modified Langmuir-Blodgetttechnique
to produce up to SO layers. Film uptake occurred on the upstroke only and
was quantitative. Conductance measurements showed essentially no difference
in the salt permeability of coated versus uncoated supports.

TWO other methods of loading the support, soaking and filtration,
were more successful. Direct osmosis tests on Millipore filters of three
different pore sizes, 251, 250~ and 3000~, with MgS04 gave salt flux decreases
over the untreated support of up to 77%, 55% and 8$, respectively,and a
water flux increase in the P5i support of up to 28{~. The use of glutaraldehyde
and multiple treatments were most effective. Similar experimentswith 100~
$artorius filters prcduced maximum salt flux decreases of 97% and water flux
increases of 200@0. Tests with other cellulosic and non-cellulosicsupports
were variable and inconclusive,

Reverse osmosis tests on Eastman cellulose acetate (CA) membranes
impregnatedwi.t.hsoluble lipoprotein or ghosts showed no effect on the RO-97
membrane; however, a small increase in salt rejection from O to 3@0 associated
with a sharp reduction in water flux from 232 tn 1.6 gfd occurred in the
HT-00 membrane. Attempts to coat previously dried CA films with ghosts were
not encouraging. CA films cast from formulations containing small quantities
of ee.11membrane components disp].ayedlarge changes in water flux without
affecting the salt rejection. Increases in water flux were found with ghosts,
soluble lipoprotein and isolated protein; a sharp decrease occurred with
lipid alone. Similar experiments with cellulose acetate butyrate gave poor
results.

The results of these studies reveal the dramatic effect imparted
by natural membrane components on the permeability properties, especial~
the water flux, of synthetic membranes. Further development of these
and simikr systems could result in a new tYpe d desalinationmembrane
having improved water flux. Although direct measurement of the permeability
properties of the unsupported lipoprotein film was not achieved, study of the
physical chemistry of these films provided further insight into the structural
organization of biological membranes.



1. INTRODUCTION

A. Background

Although a vast amount of research has been done on b~.ological
membranes over the years and large sums have also been spent in the
development of a practical membrane for desalinationby reverse osmosis,
up to ncw very little conscious effort has been directed toward applyin~
the results of the studies on natural membranes to the problem of desalina-
tion. This is surprising, on the one hand, since cell membranes possess
quite remarkable permselectivityand other transport properties; but, on
the other hand, formidable problems were encounteredwhen one tried to carry
out measurements on cell membranes that could be directly related to the
permeability characteristicsof synthetic polymer membranes. Some recent
success in this direction has come with the study of the phospholipid
bilayer membranes.1>2 However, although of considerable intrinsic interest,
these lipid membranes lack the Fundamentalpermeability properties of
natural membranes and much doubt has been expressed as to their suitability
as models for natural rnembranes.3 Since the latter are lipoprotein in
nature, i.e., composed chiefly of phospholipid and protein, lipoprotein
membranes might represent better model systems.

It is well known that the biological membrane possesses a number
of unique permeability properties which are presumed to arise from its
unusual composition and molecular structure. It is thus of’value to
investigate natural membranes and their components in order to elucidate
the design principles that underlie their unusual functional properties.
Although much researchhasbeen done on biological membranes, a detailed
knowledge of theirbstructureand their structure-functionrelationships
remains a mystery.

The mammalian red cell membrane has probably been studied more
thoroughly than any other biological membrane. This is mainly because of
its ease of isolation in pure form and in quantity:’ An additional advantage
of the red cell membrane is its functional (and presumably structural)
simplicity as compared with nerve, muscle, mitochondrial and chloroplast
membranes. St displays no excitability,photosynthesis,electron transport,
or unusual dimensional changes. In spite of this, it possesses the same
type of structural components as other cell membranes in similar proportions
and many of the same enzyme systems, especially those involved in active
transport.~ Furthermore, all five processes of diffusion through biological
membranes have been observed in the red cell. !rhesediffusion mechanisms
are:6

1. Simple diffusion - flow down the concentrationgradient
through the bulk matrix of the membrane (Fickian diffusion).

2. Facilitated diffusion - carrier assisted diffusion down the
concentration#radient, the carrier usually residing in the
membrane.

1



3. Filtration or bulk flow - passage of solute across the
membrane via water-filled pores; dependent on relative
permeability to water and solute.

4. Active transport - uphill transport of solute against its
concentrationgradient; requires metabolic energy.

5. Pinocytosis - the entry-of external solutes via invagination
of the plasma membrane and sealing off internally.

Of these”processes,only (1) and (3) have been demonstrated in
synthetic membranes; (2), (4) and (5) are currently restricted to
biological membranes. Howeverl there are no theoretical barriers
to the operation of all these diffusion mechanisms in synthetic
membranes; only the practical limitations of present day knowledge
limit their exploitation.

The passive permeability of the red cell membrane to a large number
of ions and molecules has been determined and the reflection coefficient 6,
and solute mobility,co, have been measured in a few cases.7 In Table I is
a listing of the half time, tl/2, for penetration of the human red cell by
a variety of ions and molecules. It is general~ assumed that both water
and solutes permeate the red cell membrane via a combination of diffusion
through the bulk phase of the membrane plus fl through water-filled pores.
Using several methods, Solomon and coworkers U9 have found the equivalent

pore radius of the human red cell membrane to be about h ~. This would
explain the low cation permeability of the membrane and the relatively
greater permeability to K+ (solvated radius = 2.51 ~) than to Na~ (solvated
radius = 3.78 A). In contrast, the anion permeability is relatively high,
a result which has been interpretedby Passcw as evidence for the presence
of positive fixed charges in the membrane, ~resumably the protonated amino
groups of lysine units in the protein.10

A number of substances,especially sugars, are transported across
the red cell membrane via carrier-facilitateddiffusion. These carrier
systems or permeases have been intensively studied by Wilbrandt,ll LeFeme12
and Stein13 and are usually found to have hi~h structural specificityfor
the molecule transported. Both allosteric interactionsand chemical coupling
have been proposed for-these processes, but a unified theory of permease
action is lacking.

The role of pinocytosis is well established in the digestive
process and in the clearing of foreign particles from the circulationby
lymphocytesand the reticuloendothelialsystem. Also, mammalian red cell
membranes have recently been observed to undergo pinocytotic invagination
when energizedwith ATP (adenosinetriphosphate).1~

~

“Active transport” by the red cell membrane has
of intensive study over the last decade. Many aspects of

been the subject
the uphill pumping
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TABLE I

Permeability of Red Cell to Various Substances

Substance tl\2 Penetration (sec.)

H20
methanol
cl-
HC03“
ethanol
butanol
acetamide
ethylene glycol
s04=
glycerol
oxalate
NH4+
maleate
malonani.de
fumarate
erythritol
succinate
~a+

tartrate
K+
Ca++

sucrose
choline

0.003
0.13
O*2
0.2
0.3
0.7
0.9
1.7
18
60
60
180
4-20

1,025
4-,400
10,800
13)200
72,000 (20 hours)
130;000
156,000

100YOOO,OOO
-
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of Na+ and K+ powered by ATP hydrolysis have been worked out~15 but a
detailed understanding of the process still eludes us. The Na,K-ATPase
enzyme system, which drives the “pump”, is bound to the membrane and
survives the hemolysis of the intact cell to form ghosts and the further
disruption of the ghosts. Although not yet tested, there is god reason
to believe that some ATPase activity will still be present in reconstituted
membranes. This would prove very useful in further studies of the “pump”
since this membrane would represent a ba~rier across.which the vectorial
ion pumping couldbe conveniently studied.

In the last decade numerous models have been proposed for the
biological membrane. Perhaps the most important group have been those based
on the phospholipid bilayer leaflet structure originally advanced by Davson
and Danielli16 and revived recently by the preparation of bilayer leaflet
membranes by Mueller et all These membranes have been shown to possess a
number of the properties of natural membranes, including high water fl~~
ion permselectivity,resting potentials, and excita~ility. However, only
passive, Fickian diffusion has been demonstratedwith these membranes, and
other properties, such as high electrical resi.stanc’eand low stability,
have differed markedly from those of the natural membrane. Since the
biological membrane consists essentially of about equal parts of pratein
and lipid,3 the essential protein component is lacking in these bilayer
systems. A number ofworkers have attempted with varying success to add
proteins to these lipid membranes.17-26 lt ~ppears that the protein and

phospholipids of the natural membrane are or~anized into tight lipoprotein
complexes which are difficult to form in vitro.

In spite of the widespread knowle~e of the lipid plus protein
composition of biological membranes, until recently little effort had been
devoted to the formation of reconstituted or synthetic model membranes
from lipoproteins or lipid-proteinmixtures. Interest in this area hs
been spurred by recent reports that the catalytic functions of c@ tain
delipidated enzymes reappear after recombinationwith lipids.27Y25 It was
concluded that lipids act as structural co-factors of the lipoproteins.
Some of the earliest studies on reconstituted lipoprotein membranes were
carried out on detergent solubil.izedmembranes of M.vcoplasmaand bacteria.29”32
It was demonstrated by electron microscopy that intact membranes had been
formed after removal of the detergent. More recently, Zahler and Weibe133
have claimed success in reconstituting red cell membranes by recombining
proteins and lipids derived from the red cell by solvent extraction.

Similar studies have been underway in our laboratory over the
last several years. Initiallyt our plan was to break UP the cell membrane
mechanically into rather large pieces and then try to seal these pieces back
together at an interface to form a large membrane. We subsequently discovered
that thi’sapproach was not feasible, but that, when the cell membrane was
further fragmented into lipoprotein subunits> these subunits readily
reorganized interracially into large membranes having a thickness (100 ~
or less) and protein plus lipid composition nearly identical to that of the

4



intact cell membrane.3~L The general appearance of the reconstituted
membrane in electron micrographs”is also very similar to that of intact
cells. Figure 1 is an electron micrograph35 of a lipoprotein membrane
reaggregated on a still water surface from ultrasonicallysolubilized human
red cell ghost membranes. Note the typical railroad track pattern always
displayed by intact cell membranes.36

B. Ob.lectives

The principal objectives of this work were to investigate the
permeability properties of lipoprotein films derived from the red cell
membrane and the basic mechanisms which give rise to these properties, This
type of study is important to the problem of desalination since it could
provide the necessary information for the design and fabrication of s~thetic
membranes with permeabilityproperties approaching those of the natural
systems. Theresearch program was divided into four parts, as follows:

1. Design and construction of equipment for measurement of
f membrane characteristics.

2. Study of the effect of preparation variables on the
physical properties of the membranes.

3* Development of porous supports and techniques
membranes an supports.

4. Measurement of the permeability properties of
reconstitutedmembranes.

Essentially all of the proposed studies have been

of layering

the

carried out
in addition to several others which were devised during the course of this
project. The results of these studies are contaimed in the following sections.

II. PREPARATIVEMETHODS AND PRNEDURES

A. Red Cell Ghosts

Red blood cells can be treated by hypotonic hemolysis to
remove the hemoglobin contents and leave pale white cell envelopes. These
cell envelopes have been commonly referred to as “ghosts”; the membrane
properties of the ghosts are similar to those of the intact red blood cell.5
This system is ideal for the study of cell membranes because of its ease of
preparation and its pwi.ty. In the present work the ghosts were prepared
by a modification of the hemolysis procedure of o e, et al,37 in which the
phosphate buffer was replaced by tris and EDTA.3

R*
In this procedure the

red cells were freed of plasma by washing twice in 1:10 dilutions with solution A
(0.lQ~NaCl, 0.001 ~EDTA, 0.005 ~tris, pH adjusted to 7.4 with~l) and
harvested after each wash by centrifugationat 4000 x g for 5 mintues. The celJ.s
were hemolyzed by a 1:20 dilution in solution B (0.014 ~NaCl, 0.001 ~EDTA,
0.005 ~tris, pH 7.4) followed by two washes in solution C (0.014 ~Na~l,

‘5



FigureL - (a)Electronmicrographof lipoproteinfilmreaggregatedat
an air-waterinterfacefromultrasonicallysolubilizedhuman
redcellghostmeribrmes;(b)detailat highermagnification.
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0.005 ~ trisj pH 7.4) After hemolysis and each wash, the ghosts were harvested
by centrifugationat 14,000 x g for 10 minutes. The entire isolation procedure
was carried out at 4°C.

B. Solubilized Ghost Membranes

It had been found previously in this laboratory that ghost.
cells can be broken up into much smaller units and reaggre ated into very
large ultrathin films in the presence of various cations.38 The ghosts
were disrupted by sonication (model S 75 Branson Sonifier at tap 8) in an
ice bath. The membranes were disintegratedby successive 30 second bursts
with cooling pericds of atiout3 minutes between each exposure until the
solution had been sonicated for a total of 5 minutes. During this time the
temperature of the solution was kept between 2° and 106C.

The scmicated Shosts were separated into “soluble” and
“insoluble”fractions by centri~gation at 90,000 x g for 2 hours at 4°C.
The supernatant containin~ the lipoproteinswhich did not sediment will
be referred to as the solubilized or sonicatedpreparation. All biological
samples were stored at about ~l°Cand used promptly so as to avoid bacterial
contamination.

c. Isolated Protein

The membrane protein was first isolated in these experiments
by pyridine solubilizationfollowing a procedure developed by Blumenfeld.38
In this procedure one-half volume of pyridine is added to one volume of

@~ost solution and the resulting mixture dialyzed overnight. The entire
procedure is carried out at ~~”Cand about 4@0 of the total protein remains
in solution after the dialysis step. The remainder of the protein and lipid
precipitate are removed by centrifugation. The concentrationof protein in
solution was determined by the Folin39 procedure. It was found that there
was about 5-l@O (based on protein) of phospholipid remaining in the final
protein solution.

Another procedure for the isolation of membrane protein was
also used. This was the bptanol extractiontechnique developed by Maddy,40
which was found to be considerablymore complicatedand less reproducible
than the pyridine method. However, this method yields protein which has much
less lipid still associatedwith it (less than l% compared with 5-l@O
phospholipid for the pyridine,procedure). In the Maddy procedure 10 ml of
packed ghosts were centrifugedat 18,OOO x g for 15 minutes and the resultin~
pellet frozen overniqht at-20°C. “Thenext day this preparation was washed
three times with deionized-distilledwater to remove any salt present. The
Ehost suspensionwas then cooled to O“C in an ice bath, 7.5 ml of n-butanol
at 0° was added, the tube shaken briefly to mix the contents, and held at
G°C for 15-20 minutes- The preparation was subsequentlycentrifuged for 4
minutes at P7,000 x g when it separated into a butanol phase, containin~ the
lipid overlyingthe aqueous protein solution and a thin interracial film

7



of inso.lublepratein. The lower phase was drawn into a cold hypodermic
s;~’rinEe,immediately transi%rred to a test-tube immersed in ice, and
ilnal.lydialysed cwerni@lk in iced.water.

D. Extracted.Liwid,.—.—

The lipid port~.onof the cell membrane was isolateflby the
chloroform ‘isoprq>anol extraction method,of Rose and Oklander. In
this procedure 11 ml of isopropanolwas added to 2 ml,of Ehost suspension
and allowed to stand for one hour at room temperature. Seven ml of chlorof’orrn
was i’henadded. The resultinE mixture was allowed to stand for another
hour and finally centrifuged at 500 x & for 30 minutes. The lipid components
remain~d in solu.tiunwhile the proteins were precipitated. Average yield
of lipid we,s2U~. Tim?phosphojlpid concentrationwas determined by the
method of Chen and co-workers,

f and it was shown that no detectable amounts
oT protein were present.

111. PHYSICAL cFml!lICALSTUDIES

A. Surface Chq@siry of Reconstituted Membranes

1. Apparatus

An automatic recordin~ film balance using the Wilhelmy
technique was constructed recently by the instrument group of the
Research Service Department fcw use in surface chemical studies
of hi@ polymers. Thj.sinstrument is uniquely suited to the
studies on reconstitut~dmembranes. FiRures 2-4 show three
views of the cq,wipment. This balance has an autmnatic recording
pressure sensing device far pressure-area curves and an automatic
compression and expansion harrier for constant pressure
experiments. its nmveable barrier is driven by an h~draulic
system at either a constant rate with a synchronous motor or
at a variable rate durin~ constant pressure experiments with
a Servo motor. !I’heapparatus provides for constant temperature
control and water level maintenance. The balance is equipped
with a dipping device that is als~ activated by an hydraulic
system.

The trou[;h(with inside dimensions of 85 cm. x 15.2 cm. x
1.5 cm.) is made of aluminu with the inside coated with Teflon(R).
The two long sides and tops are accurately machined. The 10~~

sides of the trough are fitted with guide rods upon which a
carrier for the moveahle barrier rides. The moveable barrier
~.sa Teflon(R) coated bar which is fitted into slats on the
carrie~ and is held in contact with the edges of the trough
by sprin~s.

8



The gear ratios of
compression rates of the

Gear Ratio

1:1
2:1
5:1
10:1
20:1
50:1

the synchronms motor and the
movea”blebarrier are:

&

19.2
9.6
3.96
1.98
0.99
0● 11.

@-l rul?sreported in this study were made at a sweep rate of
19.2 cm/hr. A check of Several systems at 3.96 cm/hr. Eave the
same w-A curve as the faster sweep rate.

The barrier is operated by a “slave unit” of an hydraulic
system mounted under the trough. The slave unit is activated
by a master hydraulic system consisting of oil lines, oil
cylinder, filling and bleeding valves, and a mechanical drive.
The mechanical.drive consists of a threaded shaft, riding nut,
synchronousmotor and a servo unit. When the moveable barrier
is operated at a constant rate, the synchronousmotor is used.
When operatinE at constant pressure, the Servo motor is used
to drive the hydraulic system in either direction according
tn the signal and thus restore the pressure to the pre-set
value.

The base of the trough is an aluminum heat exchanger with
tubing for c5.rculatingwater to maintain a constant temperature.
The trou@ ccmtains”awell (8o mm x 90 mm x 5 mm) to accamodate
the film supports during depositions of monolayer from the
air-liquid interface to a solid support. The dippinfldevice
is mounted over the well in the trough and is moved at a constant
speed by a slave unit of an hydraulic system for the dipping
device. The trough and dippi~g device with the two slave units
are mounted on a 3/4” thick al~num base equipped with leveling
screws. This whole unit is supported on a large table placed
on Isomade pads to give a vibration free mounting. It is
essential ta have an environment free of vibrations, particularly
those caused by vehicular traffic on nearby roads, motors, pumps,
and large machinery. The master units of the two hydraulic
systems are isolated from the trouEh on a separate laboratory
bench, The controls for the moveable-barrier-hydraulic-system
are located in the control cabinet.

The pressure sensing device uses a Wilhelmy plate and a
recording Cahn RG Electrobalance. This balance has a “high-gain
force:balance system” and only deflects 0.4 micrcm/mg. of force
change. This chanEe is so small that it is not necessary to
correct for buoyancy effects. The balance is mounted above the

9



Figure2 - Generalview of automaticrecordiw N-h balance



Figure3 - Detailshowingtrough,dippingdevicead Cahnelectrobalance
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Figure4 - V5ew of hydraulicdriveunits,recorderand console
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trough and has a platinum plate (1.5 cm x 1.0 cmx 0.0076 cm)
suspended by silk thread from the B loop d? the Cahn. The
control writ and recorder are located in the control cabinet.
The recorder is a Mosely model 7035A X-Y recorder which plots
directly the surface pressure change of the film versus the
distance the moveable-barrierhas traveled.

The balance is used to measure pressure durin~ force-
area measuretientsand to actuate a pressure control device in
ccmstant pressure experiments. The maximum sensitivity in
the pressure measurements is O.0~+dynes/cm.

The trmgh and electra’oalanceare housed in a solid
AcryliteR pol~~ethylmethcr~r,l.atecaEe to protect it from dust
or other air-borne particles and ta ms,i.nta,inthermal
equilibrium. This cage has an opening in the front which is
coveted witlqtwo flexible plastic sheets.

Constant temperature of the trough is maintained by a
Lab-Line Instrument water circulatin~ system and temperature
control unit. This unit is located in the control cabinet.
All runs in this study were made at a sub:phasetemperature Of
300-Fo.l~c. The Yilm balance is located i~ an air conditioned
room where the temperature is maintained at 25°~0C during all
experiments. A constant water level can be maintained by
establishing a siphon between a water source held at a constant
level and the tr~uflh. Water is added continuouslyto the
water source which as an overflow tube for removal of excess
water above the desired level. It was generally found that
it was not necessary to use this device since the water levels
did not chanEe appreciab~~ durin~ the times of the runs (usually
2 hours at a moveable-barrierrate’of 19.2 cm/hour).

The dipping device is an automatic system for lowering
and raisin~ a solid support thrcmgh the interface during the
deposition of’a monolayer. The device consists of three units:
(1) the dtpper and “slave umii” of the hydraulic d~i~e, (2)

the master hydraulic drive panel, and,(3) the cmtrol box.
The dipper and slave unit of the hydraulic drive are mounted
in a supporting frame over the well in the traugh. The dipper
(rod and mouuting clips f~r support material) is hydraulically
driven up and down by the “slave unit.” The master hydraulic
drive panel consists of the oil.cylinders and lines, the
mechanical drive (the screw and synchronousmotor) and two
microswitches for cycling the dipping acti,on. The control box
has an off-on switch, momentary stoy button, and indicator
lights showing on, and the directian of movement, up or down.

The dipper moves at a rate of 0.2 cm/min. 1% automatically
reverses direction and cmtinues cycling until manually stopped.

13



The depth of dipping can be set by adjusting the microswitches
on the master drive panel.

2. Procedure for Pressure-AreaMeasurements

1. Assemble apparatus and clean surfaces
(a) Surfaces of the trough are cleaned witha detergent
solution and repeatedly rinsed with wamn water.

(b) Barriers qnd machined edges of trough are cleaned
with solvent (hexane) and rinsed with distilled-
deionizedwater.

(c) The platinum plate is first cleaned with benzene
to remove any adhering polymer material. .Thenit is
cleaned with chromate cleaning solution, rinsed care-
fully and flamed.

(d) ‘Distilled-deionizedwater or dilute salt solutions
are added to the traugh, and the surface Of the water
is swept (manually) five or six times with the Teflon-”
coated barrier by moving a barrier from one end of the
trough to the other, pushing any contaminants on the
surface wer the end of the trough. On the last sweep
the barriers are left at the end of the trough to trap
any material not swept over the ends. The surface should
be protected during this procedure from airborne
contaminants.

2. Adjust water level and temperature.

3. Recmd Cahn readings.

4. Add 0.03 to 0.15 ml of a spreadin~ solution containing
the sample with a micrometer pipette. The solution should
be added in a series of dr~ps widely spaced wer the surface.
Concentration of sample in the spreading solution should be
in the range 0.1-10.0 mg/ml. The amount of material added
should cover 5@ of the available areaafier compression
into a monolayer.

5. Monitor any changes in pressure occurring during,the
addition of polymer solution, until there has been no change
for 15 reins.

6. using the constant-ratebarrier drive, advance the
barrier and record changes in pressure with changing areas.



3. Subphase Variation

The purpose of this phase of the study was to determine
how various subphases affect the physical properties ~f the
reconstitutedlipoprotein films. This should indicate the
conditions under which a film of optimum strength and toughness
is obtained. A kncwn amount of the solubilized red cell ghost
material was added to the surface of aqueous solutions
containing various inorganic salts. The material was allowed
to reaggregate to form a film and this film was then compressed.
These experiments were carried out on the automated film
balance. A constant barrier sweep rate of 19.2 cm/hr. was used.
The surface pressure - area plots for the compression of the
films were displayed on an X-Y recorder. All films displayed
the general features shown in Figure 5: a curve containing
two generally linear portions, the slope of the second linear
portian being greater than the first, The collapse pressure
is a term used in this work to define that point where the
extrapolated lines of the two linear portions of the curve
intersect, as indicated in Figure 5. This is not a typical
collapse ~ressure as ~“bservedwith classical monolayer, e.g.,
stearic acid, but beyond this critical surface pressure these
films display a marked difference in behavior on continued
compressing. For example, if the movable barrier is si~pped
in the area of the first linear portion of the curve, no change
in film pressure occurs with time, but if the barrier is
stopped in the area of the second linear portion of the curve,
the pressure decreases with time, approaching but not falling
below the above defined collapse pressure. These data have
been interpreted to indicate that the film is still in an
expanded state in the first part of the curve and hence is
reversible and stable in this region. When the first linear
portion of the i’f-Acurve is extrapolated to zero pressure,
the limiting area of the film is obtained, i.e., the area at
which the total surface is covered with film. As the film is
further compressed toward thecollapse area, a smooth reorganiza-
tion of the lipoprotein components appears to take place
resulting in a uniform thickening of the film. The film
thicknesses abtained at the callapse pressure (about 50-150~,
see Table 11) suggest that this structure is most nearly
analogous to that of the intact cell membrane, whose thickness
falls in the same range.36 It is believed that beyond the
collapse point, in the steeper portion of the lT-A curve, the
membrane is forced out of its planar state and either buckles
out of the interface or forms overlapping layers. Finally, if
the compression is carried out far enough a point is reached
beyond which the pressure no lon~er increases with decreasing
area, indicating that the film is now completely buckled. A
similar b havior has been observed with monolayer of h@ M.W.
polymers\3
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‘Thesurface pressure-area curves or red cell lipoprotein
films formed on a number of subphases have been obtained.
Aqueous solutions of various mono-, di- and trivalent cations
with several different anions have been used for the subphase
at various NH’S and ionic strength. The data from these
curves axe presented in Tabl~II A 111 and the T-A curves
are shown in Figures 6 and 7. In most cases reproducibility
of the curves was checked by duplicate experiments. In cases
of mincw deviations, the results reported are averages of the
duplicate runs.

i.

ii.

Cations and Ionic Strength -
Critical examination of the data in Table II shows

a remarkable consistency for the cation variation
experiments at pH 7.4. Althoush six different cations
were used over a 100-fold range of concentrations,
the collapse pressures have fallen in the narrow range
of 9-22 dynes/cm. Indeed, at constant ionic strength
(# = .02) subphases of the chlorides.of Na+, K+, Li+,
l@+and Ca*gave films with nearly constant collapse
pressures ( rc = 18-22 dynes/cm.) The collapse areas
and film thicknesses have li]~ewisevaried in a narrol~
range with no significanttrends. The compressibility
modulus, calculated from the slope of the reversible
part of the curve, is typica

?
of the values found for

protein films in ~ther work.1“4A most striking result
has been obtained with h+ at pH 4.8 (IA~H is not
soluble at pH 7.4). A very high collapse pressure, a
very small collapse area, and a correspondin~lythick
film is found with this ion. This may derive from the
the trifunctioi~alcoordinatingtendencies of the
lanthanum ion with the phosphate groups of the phospho-
lipids. The pressure-area curves of scdubilized ghost
preparations on the various cation chloride subphases
are shown in Figure 6.

To the extent that it was investigated, ionic strength
variation seems to have far less effect on the film
properties than the specific nature of the cation in the
su’ophase.

Anions -
In marked contrast to the results with cation chlorides,

when the subphase anion was varied, a striking effect
on the collapse pressure was observed (Table 111, Figure7).
Use of the nitrate, sulfate and acetate salts of calcium
at a concentration of O.OIM produced collapse pressures
of 16.5, 23.5 and 33 ~ne.s,’cm.,respectively, for the
film compression. Since the collapse pressure over O.OIMCaCl=
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is 22 dynes/cm., it appears ‘thatthe film strength is quite
dependent upon the anion of the subphase, increasing with
Ca salts in the order: Noa”< c~- < S04°C CH=C02-.

Completing anions may tend to strengthen the membrane by
crosslinkingthe metal ions, perhaps in much the same
manner as the phosphate ester groups naturally present in
the lipoprotein. The film areas at collapse and zero
pressure are quite similar to those obtained earlier in the
cation variation study. The other parameters, the calculated
thickness of the film and the slope, are likewise unchanged.

It is apparent that all of these films are thicker than a
mono~ayer since the area per residue at collapse is only
3-5 A2. The collapse areas per residue for phospholi id

$

‘5 Itseems probable that the filmis composed
and protein m nolayers are about 50-80 12 and 20-40 ~ ,
respectively.
of globular lipoprotein complexes which are very compressible.

iii.pH-
In further film compression studies on our Langmuir trough,

we have found that for 0.01 ~ CaClz subphases the collapse
pressure increases as the pH is increased or decreased
from 7.4 as shown in Figure 8, However, this variation was
not observablewith KC1-subphases on which
pressure remained fairly constant when the
as is seen in Table III.

iv. GlutaraldehydeTreatment H
When glutaraldehyde (0.05~) was added to

the collapse
pH was lowered

the subphase after
the film was formed at pH 7.4, it was found that the
collapse pressure’was considerably increased (see Table III).
The stronger film is probably due to crosslinking of the
amino groups of the proteins by the glutaraldehyde.. It is
interesting to note that the other film parameters such as
the thickness, are essentially unaffected by the
Qutaraldehyde treatment. Hence the intact lipoprotein
complexes are probably linked together by the glutaraldehyde
via proteins on their surfaces. This treatment produced
the stron~est films of the soluble preparation, as judged
by the collapse pressure, in the whole study.

It is difficult to explain the wriation of film collapse
pressure with salt subphase on a molecular basis. It seems
likely that this variation is due to changes in the

46,47
hydrophilic lipid-protein interactionswithin the complex.
These interactionsare not welJ understood and are th

fi8,49subject of intense research in numerous laboratories.
Thus, the next step taken in this study was to isolate the
membrane components i.e., the lipids and proteins~ and
study the surface chemistry of each one separately and
in various combinations.
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4. Isolated Lipids and Proteins

of lipid and protein components
each of these species could

Techniques for the separation
were developed so that films from
be studied on the Iangmuir trough. It was hoped ~hat such
studies would determine which of these components is contributing
most to the strength and integrity of the lipoprotein film.

For these experiments, two methods of isolating the protein
components from the erythrocytemembrane were used, one of which
utilized pyridine and the other butanol for solubilization.
More than one method was used for the protein isolati n ecause
of the known polydispersity of the membrane proteins58-58 and

the numerous claims that different protein fra t ons ar
obtained from different isolation procedures.3~,to,53-5%

The degree of lipid contamination in the protein was another
factor for the surface studies. The “pyridine”protein contained
about 6$ phospholipid, the “butanol” protein less than l%. The
membrane lipid was isolated by the standard chloroform-
isoprapanol procedure. These methods are outlined in detail
in Sections IIC and IID.

The approach we have taken is to determine the
pressure-area curves under standard conditions (10

~urface
M CaClz

subphase, pH 7’.~t)of (1) each of the protein and lipid components
in a similar ratio to that in the membrane lipoprotein and with
intact ghost films, To further elucidate the surface chemistry
of these systems, ~-A curves were also run on several pure
model proteins (human serum albumin, casein, cytochrome-C, and
insulin) and mixtures of these with the exlmacted membrane
lipid. The results of these experiments are collected in Table
IV and the 7’f-Acurves are traced out in mrious combinations
in Figures 9-13.

Films prepared from the pyridine solubilized protein show
properties similar to those of the reconstituted lipoprotein
preparation and intact ghosts; however, the isolated protein
forms a thinner,somewhat more expanded film (Figure 9).
The butanol solubilized protein, on the other hqd,displ.ays a
far steeper slope for the W-A curve, indicative of a less
expanded film (Figure 10). It is reasonable to assume that,
since much protein remains insoluble in both procedures, the
butanol solubilizationremuwes a slightly different fraction
or induces more protein aggregation than the pyridine procedure,
thus giving rise to different curves. It is interesting to
notej however, that their collapse pressures are quite close
despite differences in curve shape. It would appear that the
two-dimensional film strengths of the two protein extracts are
very similar in spite of’differences in film thickness. This
may arise from tighter coiling and a higher degree of aggregation
in the butanol preparation.
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Adding,extracted lipid back to the pyridine protein results
in a curve which is nearly identical to that of the reconstituted
lipoprotein,(Figure9). The general shape of the curve obtained
from combination of butaonol protein and lilid was-little
c,hnged.frmn the protein curve, except for an increase in the
collapse pressure (Figure 10). The reconstitutedpyridine
protein and lipid system seems to be the better model for the
lipoprotein.

The surface pressure-area curves of the extracted lipids
were similar to those of commercial lipids, ‘e.g.,phosphatidyl
ethanolamine (see Table IV), but were strikingly different
from the membrane protein and lipoprotein curves. ,Thelipid
films generally achieved a stable surface pressure of 2’5 dynes/cm,
beyond which further compression failed to increase the film
pressure.

In further attempts to characterizethe membrane proteins,
several model proteins were examined. These included human
serum albumin, whole casein, bmcine pancreas insulin, and
horse heart cytochrome-C. Of these, casein gave a TT-A curve
which was quite similar to that of the pyridine extracted
protein (Figure 11). The ~eneral shape of the curve obtained
frmn cytochrome-Cwas also similar to the membrane protein with
the exception that the former gave a much weaker film. TO
complete the study} each.of the model proteins was combined
with the extracted membrane lipid and compressed at the air-
water interface. Consistently, the added lipid decreased the
collapse pressure, lowered the collapse area, and increased
the film thickness, but did nqt
the curve (Table IV and Figures

Circular Dichroism

A new analWical technique that

otherwise change the shape of
U and13).

has recently been_applied to
confirmational studies O> proteins is-”ciyc~ar dichroism (CD).’”~ The secondary
structure of proteins and polypeptides may exist in three principal confor-
mations: (1) & -helix, (2)@pleated sheet, and (3) random coil. The
contribution of each of these conformationsto the total protein structure can
be determined by measuring the CD spectrum and comparing it with CD spectra
of proteins having known amounts of these ttiee structures. For example,
polylysine with 10@&-helix, 10~O~or 10~0 random coil structures has been
prepared and its CD spectra analyzed.58 CD spectra of proteins are characterized
by four principal bands: (1) an n-m * helical band with a negative minimum
at about 223 mfi (2) an unordered transition with a negative maximum around
214 m~ (3) a m-n* transitim polarized par~ed to the helix axis with a
negative minimum at about 2@ mpj and (4) a~-W* transition polarized ..
pe~pendicular to the helix axis’with a positive maximum at about 195,. ., ,- ,.<,..,,.....”

Seve5al recent CD studies of biological memb~anes ~W
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reported 59+6 and it is generally concluded that the bulk of the membrane
protein is in thed-helj.x conformation. It was our objective in this CD
study of erythrocyte membranes to determine what changes} if FWYJ occur
in the secondary structure of the membrane protein when ghosts are solubilized
and reconstitutedand when the protein is isolated from the membrane and again
recombined with membrane lipids. Lipid molecules da not contribute to the
CD spectrum. The CD spectra obtained are shown in Figures l~tand 15 and
data from these curves is given in Table V.

Figure lka shows the curves of ghosts, soluble preparation and
reconstitutedmembranes. The great similarity of the curve shapes indicates
that no significant changes in protein secondary structure have occurred
upon sonication of the ghosts and the subsequent reconstitutionwith Ca. The
slight blue shift of the 209 and 192 m~bands after solubilizationmay be
attributed to an increase in the polar environment of the free lipoproteins.
The intensity changes after solubilizationare probably due to scattering
effects. The returnof the reconstitutedmembrane spectrum to a virtual
identity with that of the original ghosts i highly significant and adds

38 that these two membranes possessfurther support to our earlier conclusions
the same structure.

The spectra of the pyridine and butanol isolated proteins shown
in Figure lkb are again very similar to those of the intact ghosts and
demonstrate that no changes in protein secondary structure, such as denatura-
tion, have accompanied their release and isolation from the membrane. However,
when extracted lipid was added back to these isolated protein fractions the
resulting curves did not revert to the intact ghost spectra. Instead, blue
shifts in the 210 and 190 m~bands again occurred indicative of an increasing polar
environment. Perhaps the added phospholipids interacted with the isolated
protein via the polar phosphate groups instead of the nonpolar association of
the hydrocarbon tails of the lipids with the nonpolar side chains of the
proteins. The latter is believed to be the majoralipid~rotein interaction
mechanism in biological membranes.59,67-70

Based on these results, a highly important conclusion can be
reached regarding the association of lipids and proteins in the red ce13
membrane. There appears to be an unique interaction between the smaU
lipid molecules and the macromolecularmembrane proteins present in the intact
membrane. When these lipoprotein complexes are broken up by treatment with
organic solvents or detergents, this special lipoprotein structure cannot be
readily r.efleneratedby combining the isolated lipid and protein components.
However, as long as the lipoprotein complexes remain intact, the original
membrane structure can be reversibly disaggregate into its individual
lipoprotein subunits by physical treatment such as sonication, and subsequently
reconstitutedby treatment with metal ions to regain its former structwe.
Presumably these lipoproteins have a very special tertiary structurewhich is
irretrievablylost when the lipid
is that in our protein extraction
temphte protein around which the

is removed. The only other possibility
procedures we failed to isolate a special
membrane lipoprotein structure is constructed.
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However, this seems rather unlikely since the same result was found for protein
extracted by two different methods.

In order to compare the results for membrane protein with the
behavior of a group of model proteins, CD spectra were obtained for albumin>
casein,cytochrome-C and insulin before and after the addition of extracted
lipid. These curves are presented in Figure 15 and the data is collected in
Table V. The albumin and cytochrcme-C spectra indicate the presence of a
high d-helix content; the casein and insulin are mostly in the random coil
form. Relatively little effect is noted m adding lipid to each of these
proteins. There is at most a slight blue shift in the bands near 208 and
220 m

t
, much the same result as was found with the membrane protein. It CEUl

thus e concluded that addition of lipid to aqueous solutions of proteins does
not result in any significant change in the secondary protein structure and
what changes that do occur in the tertiary structure result from polar inter-
actions with the lipid.

One final observation can be made by comparing the CD spectra
of these proteins with their film collapse pressures. It has been noted by
Emns et al 71 that the tendency of a protein molecule to unfold at an inter-
face afinerate a high surface pressure is an inverse function of the
degree of folding ox tertiary structure in the protein. For example, casein,
which has little tertiary structure, has a high surface activity} whereas
lysozyme, with a strong tertiary structure, does not forma dilute highly
spread film on water. Albumin, with a high helical content and a moderate
degree of tertiary structure displays an intermediate tendency to form a
dilute film. Therefore, it would appear that the secondary structure of a
protein plays little role in its surface activity.

We have shown that the surface activity of red cell ghosts is
comparable to that of the solubilizedmembrane lipoprotein. Therefore, little
if any change in the tertiary structure of the globular lipoproteins has
taken place upon sonication. In the isolated protein studies, the lack @
dependence of surface activity on the secondary structure is revealed by
comparing cy-tochrome-C,casein and the membrane protein. Cytochrome-C and
membrane protein have very similar W-helix content from thei~ CD spectra,
but do not form similar films; on the other hand, films of casein and
pyridine protein are almost identical whereas casein is 10@. random coil
and the pyridine has a very high helical content.

Addition of lipid had very little effect on the collapse
pressures of the membrane protein or most model proteins, suggesting minimal
change in the tertiary protein structure hailbeen induced by lipid. Lipid
invasion of the spread protein monolayer was evident, however, from the increase
in film thickness, but these lipid-protein interactionsmust be fairly weak.
It may be merely chance that the~-A cwve for the lipid plus pyridine protein
nearly coincided with that of the solubil,izedlipoprotein, since the protein
tertiary structure appears to be very different in these two systems as
judged by CD. There is obviously a higher preference for the efiracted lipid
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displayed by the membrane protein than by the other proteins in the study,
but a complete understandingof the effect of tertiary structure of membrane
protein on the biochemical and biophysical functional characteristics,and
especially the permeability, of the red cell membrane must await further study.

c. Gel Electrophoresis

In order to Eet at the question of possible protein fractionation
during the isolation procedures using pyiidine and butanol a very brieT attenrpt
was made to resolve the p~otein componentsby ~el electrophoresis.72 This
technique has been used extensively to resolve membrane proteins.5° A
Buchler Disc Ilectrophoresisapparatus was used. The protein sample was
placed on 5% polyacrylamidegel in 0.1 M phosphate buffer (pH 7) containing
o.1~ sodium clodecylsulfate and electrophoresiswas carried out at 50V (75 ma)
for two hours, using cytochrome-Cas a visual marke~. The proteins were
fixed with sulfosalicylicacid, stained with Amido Black and destained in 7$
acetic acid at 100V. Molecular weight markers used were insulin (6,000),
cytochrorne+ (12,000),whole casein or chymotrypsinA (25,000), ovalbumin
(45,000), andaldolase (158,000).

The samples studied were (1) red cell ghosts, (2) soluble
‘sanicatedpreparation, (3) butanol extracted protein, and (h) pyridine
extracted protein. Onw qualitative reStitS were abtained. The ghosts and
sodcate gave quite similar patterns with the strongest bands being two
sharp ones, close together, in the 150%250,000MW range. There was relatively
little low MW, so-calledmini-protein73 in these SampleS. The pattern for
the pyridine protein was similar to that of the ghosts and sonicate, including
the two strang high MW bands, but a large portionj perhaps as much as 5@j,
of the protein did not migrate at all, indicative of high degree of aggregation.
The butanol protein was quite dilute and gave only a diffuse band pattern
which could not be compared with the others.

The only tentative conclusion that can be drawn from these
electrophoresisexperiments is that there does not appear to be any significant
fractionationof either high’or low MW protein components during either
pyridine or butanol isolation. It is still possible that unique structural
proteins were not extracted. These could not be identified without a more
etiensive quantitative electrophoreticstudy. The failure to find large
amounts of mini_protein of MW about 5000 sug~ests that the protein isolation
methods used by us were mild and did not produce severe disaggregation.

IV. PERWILITY STUDIES

The primary objective of this project is to develop data on the
permeability characteristicsof the reconstitutedlipoprotein films prepared
from solubilizedred cell membranes. The surface studies in the preceding
section have clearly establishedthe fact that continuous films of very large
area can be prepared on still water surfaces. These films are very strong
by comparison with the usual monolayer films; however, because of their
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extreme thinness (ranging from 50 to 300 ~ in thickness) it is impractical
to manipulate or use these films unless they are supported. Of course,
their thinness could be a decided advantage in their use as permselective
membrane~~ pr~ided a suitable porous support was found for coating. If
this effort was not successful, we planned to incorporate the reconstituted
lipoprotein preparation into the pores of preformed membranes or even cast
polymer membranes from formulations containing the lipoprotein.

Several preliminary attempts were made to layer the unsupported
films between two aqueous phases in order to make flux or conductance
measurements directly on the film, analogously to the recent studies on
phospholipid bilayer membranes. However, in spite of the use of water phases
of differentdensityand special double chambered cells, no evidence for a
salt barrier across the membrane was found and there is some doubt that a
continuous membrane between the two water phases was maintained. The greater
hydrophilici’tyof the lipoprotein as compared with the lipophilic
phospholipid bilayer systemsl probably accounts for this.

A. Coating Porous Supnorts

Our initial approach to coating the lipoprotein membrane
porous supports was to use the Langmuir-Blodgettdip coating technique.?C

The plan was ta coat several trial surfaces with one or more layers of
lipoprotein film from an airvater interface by dipping the support through
the film and into the subphase.4’5 Our film balance is equipped with an
automatic dipping device for this purpose which was described in Section III A-l.
The first surface to be tested for its ability to pick up t’lefilm was glass.
Glass microscope slides were cleaned with bichromate cleaning solution and
phosphoric acid to give a very hydrophilic surface. .Ina second experiment
the glass slides were coated with a silicone concentrate to produce a
hydrophobic surface. However, both types of surfaces appeared to give the
same result during the dipying process: the supports were always coated
only on the upstroke of the dip. After each dip cycle the films adhering
to the support were either air dried or dried in a gentle stream of nitrogen.
This drying procedure was necessary for more than one layer of film to be
coated on the support. If.the coated support was not dried after each dip
the film would come off on the downstroke of the subsequent dip.

If the supported films were dried in an oven for 5-10 minutes
at 100”C the support would then pick up film both on the up and down stroke
of the dip. This behavior was different from that observed in the air or
nitrogen drying technique where the support would only pick up film on the
upstroke.

It seems that the drier the lipoprotein film is the more
st~ongly it adhexes to itself. This contrasts with the behatior of simple
monolayer of stearic acid or phosfiholipidswith which polar sides of the film
adhere to polar surfaces only and the nonpolar sides to nonpolar surfaces
only.45 The experiments with the polar and nonpolar glass surfaces also
indicate that the surfaces or the lipoprotein films are not strongly polar
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or nonpolar, but possib~ amphoteric.

The uptake of the lipoprotein films during the coating of
porous supports was demonstratedbokh qualitatively in a small Teflon-
lined cake pan where talc was sprinkled on the film and quantitativelyin
the Iangmuir trough where the dipping was carried out at a constant film
pressure of 10 dynes/cm. Using a millipore filter (Pellicon,PSAC) as
a porous support, eight layers of the film were applied at constant
yressure. The area taken up per dip, which was recorded on the X-Y
recorder, was consistently 10-15% higher than the area-of the filter.
This may be due to some coating on the downstroke or nonuniformity
during the coating on the upstroke, The films were dried after each cycle
in a stream of nitrogen.

The presence of the lipoprotein films on the supports could
also be demonstrated directly by attenuated total reflectance (ATR) infrared
spectroscopy. Initial spectra were obtained for films on glass or metal
plates. The best spectrum was obtained when the film was directly coated
onto both sides of the Irtran ATR plate itself. The major bands observed
were at 3370, 29b0, 1740, 1650, 16oo, 1500, 1300, 1070 and 640 cm-l. The
characteristicinfrared absorption of phospholipids occur at 1070 cm”l
(PW bonds) and at 1740 cm-1 (ester group). The major absorption assignable
to the protein component is that due to its amide groups and this band comes
at 1650 cm-1.75 Thus, by this meth~ we have a means of determining, at
least qualitatively,the composition of the films that have been coated
onto a support. This method works better for films coated on glass than on
cellulosic supports since the cellulose absorption tend to obscure the
protein and phospholipid bands.

B. Direct Osmosis Experiments

After the first Millipore filters (Pellicon,type PSAC) were
successfully coated with the reconstituted red cell lipoprotein film,
many attempts were made to measure the resistance of the films. In these
experiments, the coated filters were mounted either alone or together
with a second uncoated filter between two osmotic cell chambers both filled
with the same NaCl solution (range 10-3-lNl)and the resistance was measured
across the membrane with two platinized platinum electrodes. There was
only a very small difference between the resistance of the coated and
uncoated filters which would indicate that the film is quite permeable to
NaCl, or that it is not continuous.

I

These films are extremely thin (100 ~ or less) and fragile,
but it was hoped initially that they could be coated on to supports as a
continuous film. However, this appears not to be the case. Early experiments
in which Millipore filters (Pellicon PSAC) were dip-coated with up to 50
total coats of the lipoprotein film (coating both sides of the filter)
shuwed little change in the salt flux of coated versus uncoated supports.
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The above experiments indicate that the lipoprotein film has
been disrupted in some way, i.e., its properties have been altered during
the dip-coating or drying step. It seems most likely that the film has
been cracked or broken during drying and that water is necessary to
maintain the integrity of the film. However, as noted above, the wet films
tended to wash off the support when reintroduced into water.

Since it did not appear feasible to examine the properties
of the native film by the dip-coating method, two alternative approaches
were tried. One technique involved soaking the filter in a fairly
concentrated solution of he coating agent.

t
This method was used initially

by Tobias and coworkers7 to study the effects of lipids on membrane
permeability. In addition to and sometimes in conjunctionwith the soaking
procedure, the coating agent also was perfused t~o~gh the Porous suPPor~
to achieve a maximum concentration of the agent in the support. This is
possible with the lipoprotein complexes since they are usually larger than
the 50 to 100 ~ pores of the filters used. CeJ-lulosicmembranes are ideal
for this type of study since the pores are not straight channels, but
rather twisted pathways between fibers which give large surface areas for
lipoproteinbinding.

The following sections report permeability data on various
porous supports whichham been treated with lipoprotein in different ways.
A number of these supports differing in composition and yorosity were
tested to find an optimum combination of support and treatment.

1. Apparatus

The early experiments involving measurement of membrane
resistance as well as salt flux under direct osmosis conditions
were carried out in a double-chamberedpolymethyl methacrylate
direct osmosis cell, This cell was made from one large block
of polymethyl methacrylate; each chamber is a cube 9 cm on a
‘sideand has a cover with a mount for a conductivity cell.
The membrane is positioned between the two chambers. Leaks
are prevented by two silicone rubber gaskets on either side of
the membrane and four long bolls which go all the way through
both chambers. The aperture over which the membrane is mounted

2 Each chamberis 2.5 cm in a diameter with an area of 4.9 cm.
holds about 16G ml of liquid. The principal drawback with
this simple cell design is that the water flux cannot be ~
measured.

??ormost of the flux studies a new glass cell has been
constructed,patterned after that described by Fisher and Hsiaoj77

in which water and salt Fluxes can be measured simultaneously.
The two chambers were fabricated from Millipore filter holder

2 frit area). Thisbottoms (3.8 cm frit diameter and 11.3 Cm
cell incorporatedefficient magnetic stirring in each chamber
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along with a conductivity cell (0.1 cm-l cell constant)
insert. Conductivitymeasurements were made usinE a General
Radio Company Type 1650-A impedance bridge. The salt flux
was calculated by determining how much salt had passed from
one chamber to the other by the resistance change of the
solution. This cell incorporated stopcocks in each half for
filling, draining, and adjusting the liquid levely and ground
glass joints for insertion of calibratedvolumetric pipettes
for measurement of volu.me”flows.The pipettes were ‘b=ntat
right angles GO that, when inserted in the cell, the calibrated
portions of each were horizontal and at the same height to
maintain zero external pressure differentail on the film
during the run. The cell halves were held to~ether by spring
clamps and one rubber gasket was mounted between the membrane
and the cell. The volume of each chamber was approximately
255 cm3.

2. Millipore Filters I
Millipore filters are widely used for the filtration of

biological samples and are prepared from mixed esters of cellulose
(presumablyboth acetate and nitrate esters). These filters
are aiaila’Dlewith many different porosities. One of the
first studies carried out was with three different MiJlipore
filters to determine what effect pore size has on the permeability
properties of the lipoprotein. The filters chosen were the
Pellicon PSAC, pore size about 25 ~, Millipore VSWP, pore size
250~, and the Millipore PHWP, with a Tore size of about 3000 ~.

In systems in which cast films were prepared from zein
yrotein, it has been shown that crosslinkin
salt rejecting properties of the membranes.

~flgents enhance the
Thus, in our work,

three different crosslinkingagents, formaldehyde,glutaraldehyde
‘ and Cymel 390 (hexamethmymethylmelamine),were used on the
filters after or during soakin~. The flux of MgS04 across the
coated and uncoated filters was measured in a direct osmosis
experiment in ~rhichone chamber of the cell contained a l@O
MgS04 solution and the other distilled water.7~ The results
are given in Tables VI-VIII.

It was found that the Millipore filter with the 3000 ~ pores
had a salt flux which was largely unaffected by soaking in the
soluble preparat~.onor by addition of the crosslinkingagents
(Table vT), Presumably, the pores in this filter were so large
that even when they were coated the salt could pass throu~h them
without interactingwith the lipoprotein. The MgS04 flux across
the 250 ~ yore filter was lowered about 20~5$ by the soaking
and crosslinkingtreatment (Table VII). When these soaked flilters
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were retested after being coated by dipping through a
lipoprotein film already formed on a subphase an additional
20q5~ decrease in salt flux was noted. There appeared to
be a slight improvement when the film to be dip coated was
first fixed with glutaraldehyde. As was mentioned previously,
this latter treatment gives a somewhat stronger film. The
data in Tables VI and VII were obtained using our double-
chambered polymethyl methacrylate direct osmosis cell. The
data in Table VIII were obtained in the improved glass direct
osmosis cell, as were the data in the rest of the direct
osmosis eq?eriments. Salt and water flux measurements on six
different untreated Pellicon filters were constant to within
-1-y%. It was assumed that the permeabilities of the other
cmmnercial filters did not vary more than this from sheet to
sheet.

The results with the Pellicon filter (Table VIII) are perhaps
the most significant. Soaking the filter in the solubilized
ghost preparation tends to increase the water flux and decrease
the salt flux over the bare support. Comparing experiments
(2) and (3), the water flux has increased by a factor of about
two while the MgS04 flux has decreased by more than a factor
of four. Filtration of the soluble lipoprotein preparation
through the support (expts. (4) and (5) pr~uced more erratic
results. However, the glutaraldehydetreatment was ~itted in
these preparations and this may be a significant factor. It
should be noted that the imymernent in salt rejection in these
systems is not obtained at the expense of the water flux and
suggests that considerable increases in water flux may be
possible in these membranes without sacrificing salt rejection.

Since significant differences in salt and water fluxes
between the treated and untreated Millipore filters only became
evident with the very tight Pellicon membranes, it was decided
to limit our subse uent investigationsto filters with nominal
pore sizes of 100 1 or less.

3. Sartorius Filters

The salt and water fluxes through Sartorius filters
(No. S 11311, cellulose nitrate, pore size approxi~tely 100 1)
which had been treated in various ways with both intact ghost
suspension and solubilized sonicate are reported in Table IX.
It can be seen that with the exception of experiment (3) the
presence of lipoprotein tends to decrease salt flux and increase
water flux.

In this series the salt flux was diminished byup to 35X
and a 20-fold increase in water flux was found. However, the
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TABI.EVI

MsS04 Flu Through Treated and Untreated MiUipore Filters, Mean Pore Size
O*3U (pm)

M@04 Flub
Treatment of Filters

(moles cmw see-l x 107)

1.

2*

Standard, water wash only 1.10

Soak in solubilized ghost preparation and

3.

4.

5.

6.

heat dry

Soak in soluble preparation
(l%) and heat dry

Soak in soluble preparation
(0.5%) and heat dry

Soak in soluble preparation
(0.~o) and heat dry

—
1.04

plus formaldehyde

1.40

and glutar~dehyde

1.21

and Cymel 300

1.11

Filter soluble preparation and glutaraldehyde
through filter and heat dry 1.01

a. Membranes were soaked in the soluble preparation for 20 minutes,
then the crosslinking agent was added and the filter soaked another
20 minutes. The coated filter was then dried overnight in an oven
at 100”C.

b. ‘The flux was constant from 1-5 hours. T = 30*C.
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TABLE VII

MgSOa Flux Through Treated and Untreated Millipore Filters, Mean Pore Size
250L (VSWP)

MF3EW4Fluxb

Treatment of Filtera
(moles cm= sP(-

;&081

1.

2.

3*

4-.

5.

6.

a.

b.

Standard, water wash and heat dry
5.1

Soak in solubilized ghost preparation and
heat dry

4.4

Soak in soluble preparation then Cymel 300
(o.~,) then heat ~Y

3.7

Filter soluble preparation tnrough Millipore
then soak in Elutard,dehyde (0.5%) then 2Q
heat dry

Reuse #3 and tip-coat

Reuse #)-land dip-coat
fixed film onto it

J./

28 layers Of film onto it 2.6

21,$layers of glutaraldehyde
2.3

The filters were soaked in the soluble preparation for 20 minutes,
dried and then soaked in the crosslinking solution. They were
finally dried overnight at 100”C in an oven.

The flux was constant from 1-5 hours. T = 30”C.
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TABLE VIII

MgS04 and Water Flux Through Treated and Untreated MiHipore Filters, Pore
Size About 25 ~ (PelJicon PsAC)

Treatment of Filtefi

1.

2.

3.

4.

5*

a.

b.

Standard, water wash only
and heat dry

Soak fiw times in 0.5~
glutaraldehydewith heat drying
after each soak

Soak in soluble preparation, heat
dry, soak in glutaraldehyde
and heat dry. This procedure was
repeated five times.

Suction filter soluble preparation
(1%2 ml) through membrane and
heat dry.

Pressure filter’ghost suspension
&yml ) through membrand and heat

●

M@04 Fluxb

(moles cm= sec”~ 09)

9.0

10

2.2

4.7

0.21

The 14illiporefilters were soaked for 20 minutes and dried
100”C for 5-10 minutes between soakings.

The water and salt fluxes were consljantfr~ 2-5 hous. T

15

33

37 I

2.5

at

= 25”c.
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best results were not obtained with the same membrane. The
marked improvement produced by glutaraldehyde treatment is
again evident here in experiments (4) and (5). The
glutaraldehyde seems,to be particularly effective in increasing.
the water flux. By crosslinking the proteins in the pores of
the cellulosic support, this reaEent may induce confirmational
changes in the lipoprotein complexes, causing them to more
tightly fill the pores and perhaps present a more lipid-like
surface to the permeating species. It maybe recalled that
phospholipid bilayers are very pe meable to water, but
essentially impermeable to salts.f When experiments (3) and
(7) are compared, it is apparent that filtering the sonicated
ghost solution through the Sartorius metribranehas a much more
pronounced effect on the fluxes than soaking the membrane. This
may be due to the fact that much more material is adsorbed on
the membrane by the filtering technique (3-5 mg) than by the
soaking technique (0.5-1 mg).

In the filtering technique, l+ ml of solution was added to
the filter in a standard Mi.~iyore vacuum filtration apparatus.
Vacuum was applied for a peri~ of 2-4 hours by an aspirator.
With the sonicated solution that period of time was usually
sufficient to filter 80-9C@ of the solution through the membrane.
With the intact ghost suspension only 20-3@ of the water passed
through the membrane in the same period. In all cases the
membrane was not allowed to dry out on the filtration apparatus~
to prevent disruption of the lipoprotein coating.

I

I

Another interesting point is that the ghost solution has
much the same effect on the salt and water flux as the solubilized
solution. The red cell ghosts are quite large, on the order of
4-8~1,but much smaller lipoprotein cOmpl@xes are also Present
in solution. These complexes probably result frmn a small fraction
of the ghost cells which were fragmented. The evidence for the
smaller lipoprotein complexes being in solution along with the
intact ghosts comes from the obsmvatiun that when a solution of
the ghost cells is cast ona CaCIZ subphase a film is formed
with properties quite similar to those of films cast with the
sonicated solution (See Section III A). It is also possible
that when the ghost cells are forced against the fibers of the
filter (by vacuum filtration) they are fragmented or distorted
in such a way that smaller lipoprotein complexes can penetrate
deeperinto the membrane. Also, the heat drying treatment ~
would collapse,the ghost cells and possibly cause some frWenta-
tion. Thus, it can be concluded that both the ghost and sonicated
solution are filling the pores of the filter in a similar way.

It does seem possible to treat the filter with too much
material or possibly to pack the lipoproteins too tightly into
the pores. This maybe the case in experiments (4) and (8) of
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TABLE IX

1.

2.

3.

4.

5.

6.

7.

8.

MsS04and Water Flux Through Treated and Untreated Sartorius Filters
(No. Sl1711) Under Direct Osmosis (Pore Size about 100 ~)

MgS04 Fluxb HzO Flux
Treatment of Filtera (moles cmqsec-%L109) (cm sec-lxl@) I
Standard, water wash only

Water wash and heat dry - 5 times

Soak in sonicate and heat dry - 5 times

Soak in sonicate, dip in
glutaraldehydeand heat dry - ~ times

Filter ghost suspension through membrane
and heat dry - 2 times

Filter ghost suspension through membrane,
dip in glutaraldehydeand heat dry -
2 times

Filter sonicate through membrane
and heat dry - 2 times

Filter sonicate then ghost suspension
through membrane. Dip coat 16 layers
of fihn on the surface. Heat dry
after each step

*

a.

b.

14

13

13

1.6

5.2

7

8.3

0.4

Water flux was ~riable, but at all times less than

Standard procedure for soaking the membranes was to

0.7

<1 *

o.?

<~ *

4.8

14

4.8

<1++

10 “6 -1
cm sec . I

immerse them for
20 minutes in the ghost suspension (5 mg/ml) or the sonicate solution
(2.5 w/niL). If glutaraldehydewas used the wet membrane was dipped
briefly into a 0.5% glutaraldehyde solution after soaking. The heat
drying procedure consisted of dryin~ the membranes in an aven at 80”c
for 5-10 minutes.

Both the MgS04 and H20 fluxes varied less
over the period of the experiment,which

T = 25 ~l°C.

than l@ (except where noted)
was usually 5 hours.
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Table IX, where quite large decreases i.1salt flux were
accompanied by diminished water fluxes.

4. Other Cellulosic Filters

To complete our survey of cellulosic filters three other
commercial membranes were tested briefly. These were Gelman
P.E.M. cellulose triacetate (mean pore size 75 ~), Sc~eicher
and Schuell Bacfl-Flex B% nitrocellulose (mean pore size 0.b5~),
and Visking Dialysis Tubing made from regenerated celltilose
(pore size <50 1). These results are summarized in Table X.
Surprisingly, treatment of the Ge_n and S. h S. filt@rs with
either ghosts or soluble lipoprotein produced a large increas,e
in both salt flux and osmotic water flux, quite contrary to
the behavior of the Millipore and Sartorius filters. A possible
explanation for this would be a large variation in the flux
parameters from filter to filter in the same package or a
tendency for the lipoproteintreatment to alter the porosity of
the support structure. Furthermorej the heat drying was omitted
in this series because these supports became brittle and fractured
ai%er drying. This could have influenced the results, since
earlier dip coating work (Section IV A) showed that the drying
step strengthenedthe bond of the lipoprotein to the cell.ulosic
support and omitting the drying step caused the lipoprotein
coats to slough off in water.

Treatment of Visking tubing with the soluble sonicate lowered
the salt and water fluxes to about the same degree. This would
be the expected result from fouling of the membrane by a pore
plugging or surface coating process and suggests that the pores
in the Visking tubing are much smaller in diameter than the
lipoprotein complexes.

5, Amicon Filters

In an effort to test ncm-cellulosictypes of porous filter
supports the Amicon UM-05 ultrafiltrationmembrane was examined.
These filters are made of mixed polyelectrolytesand have an
effective pore size of less than 50 ~. The flux data from these
membranes are contained in Table XI. It can be seen that here
again the salt flux is decreased and the water flux is increased.
Extensive measurements were not made with these filters for
several reasons. One was that these membranes are much thicker
than the cellulosic membranes and this caused the direct osmosis
cells to leak frequently. Another problem was that heat treat-
ment adver~ely affected these polyelectrolytemembranes.
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Filter

1.

2.

3.

4.

5.

6.

7.

8.

GelmanP.E.M.
(poresize75 A)

GehnanP.E.M

GelmanP.E.M.

S.& S. Bat-T-Flex
(poresize0.45p)

S.& S. Pacfl-Flex

S,& S. Bat-T-Flex

ViskingDialysts
Tubing
(poresize<50A)

ViskingDialysis
Tubing

MgS04and WaterFlux
Gehnan,Schleicher

TABLEX

ThraughTreatedand Untreated
k Schuell,and Viskin~Filters.

Mgso4 Fhlx
Treatment moles~m-2~ec-1~

Standati,waterwash
only,testwet <1.8 X 10-10

Filter3 ml. of ghost
suspensionthroughmembrane~
testwet 2.3 x 10-9

Filter3 ml-.of solublesonicate
throughmembrane,testwet 1.6 XIO%

Standard,waterwash only,
testwet <1.8 x~O-10

Filter3 ml. of ghostsuspension -8
throughmembrane,testwet 1.6 x~o

Filter3 ml. of solublesonicate
throughmembrane,testwet <1.8 xlO-10

Standard,waterwash only,
testwet 3.0 x 10-9

Filter2 ml. solublesonicate
throughmembrane,testwet 5.5 xlo-~”

HzO Flux

(~

4.9x 10-7

6.0 x 10-6

7.2 x 10-6

9.0 X1O-7

2.5x1o -6

1.9 Xlo
4

7.0 x 104

1.5x 104
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TABLE X1

MgS04 and Water Flux Through Treated and Untreated Amicon
UM-05 Membranes Under Direct Osmosis. Fore Size 45 ok

M@04 Fl~
(Moles c

9)
sec’1

Treatment of Filter x 10 (c:;e’::~x 106)

1. Standard, water wash 2.3 0.03-0.8

2* Filter 2 ml of sonicate and 1 ml
of ghost suspension through
membrane 1.0

50
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c. Reverse Osmosis Experiments

The results from the direct osmosis experimentswere sufficiently
encouraging so that similar studies were initiated to determine the effect
of lipoproteins on the reverse osmosis properties of cellulosicmembranes.
Since the previous studies indicated that the cell membrane lipoproteins could
be useful in decreasing salt flux and increasingwater flux it was thought
that they might function the same way when applied to asymmetric cellulose
acetate”membranes. Besides the usual impregnation and coating treatments, an
additional technique for incorporatingthe lipoproteinwas possible in this
work. Since the cellulose acetate membranes could be prepared in the laboratory,
the lipoprotein could be added to the casting solution. In this way the
material should be uniformly distributed throughout the membrane.

1. Apparatus

The reverse osmosis experiments were performed on a Universal
Water Corporation Reverse Osmosis Test Unit., This unit has two
2-inch diameter cells and in actual runs a standard was routinely
used along with the treated membrane. The test solution used
was 0.5 1~NaCl at a circulation rate of 800 ml/min. anda cell
pressure of 600 psi. The effluent passing through the membrane
for the first half hour was discarded and samples were collected
thereafter at half hour or longer intervals. The NaCl concentra-
tion of the solution passing through the membrane was determined
with a Beckman sodium ion electrode in conjunctionwith a
Beckman digital TH meter. Membrane thickness was measured on a
Testing Machines, Inc., micrometer (model 549).

2. Impregnated or Coated Commercial Cellulose Acetate Membranes

In an attempt to obtain reverse osmosis results similar to those
recorded from the direct osmosis work Eastman cellulose acetate
membranes were impregnated with lipoprotein. The major difficulty
in doin~ this is that these membranes cannot readily be dried
after treatment, even at room temperature. Therefore, the
lipoprotein preparation or the protein was filtered into the
membrane with an Amicon ultrafiltrationunit at 600 psi and the
treated membrane was tested directly in the reverse osmosis
apparatus without allowing it to become dry at any time. The
results of this study are shown in Table XKC. It can be seen
that this treatment applied to the RO-97 membrane has little
effect on either the water flux or salt rejection. This result
may tiedue to the absence of the drying step, which is probably
necessary to bind the lipoprotein or protein to the membrane
matrix. Without being bound to the membrane the lipoproteins are
yrobably being washed off the membrane by the pressurized water.
Reversing the direction of filtration.through the asym@ric membranes
did not appreciably affect the results. Since all RO-97 membranes

51



were tested with the
impregnated into the
during the RO test.

tight side against the
back side was probably

feed, lipoprotein
washed out again

When the relatively porous HT-00 membrane was treated with
ghost suspensinnjhowever~ the salt reje~ti~n was raised from
O to 3@0 with a corresponding sharp reduction in water flux from
232 to 1.6 gfd. When the pores of the support membrane are
large enough the lipoproteins from the ghosts appear to invade
them readily and set up a salt rejecting barrier. Further
development of this system, e.g., by use of glutaraldehydeand
special drying treatments, might produce a ‘practicalsalt
rejecting membrane.

A few experimentswere also tried employing conventional film
coating techniques to apply lipoprotein films to the surface of
preformed cellulose acetate membranes. For this purpose it was

~:; ;:::::;Y9
to dry the cellulose acetate film. It has been
that when wet asymmetric cellulose acetate

membranes are treated with polyviyylmethyl ether and glycerin
they can be dried without losing their salt rejecting properties.
Thus, the cellulose acetate membranes were cast in the usual
manner> soaked overnight in the glycerin~pol~iny~ethyl ether
solution and then air dried. They were then taped to a sheet of
plate glass and a concentrated (8-1o mg/ml) suspension of ghosts
was cast over this membrane using a ~-inch doctor blade at a
casting thickness of 5 roils. The ghost solution had been
thickened by addition of 0.1% g~ar gum and o.05% @taraldekfde.
After the first ghost film had dried a second film was cast
thereon in like manner.

The results o’otainedfrom this multilayered film in the
reverse osmosis tests were not encouraging (see Table XIII).
Although the salt rejection did improve somewhat~ the water flux
was drastically reduced. The presence of the polysaccharide
thickening agent in the ghost suspensionmight have been
responsible for the low water flux observed. Attempts to cast
continuous films from the soluble lip~proteinpreparation or
unthickened ghost suspensions onto the dried cellulose acetate
film,were unsuccessful.

3. Cast Cellulose Acetate Films

Table XIV contains water flux and salt rejection data for
cellulose acetate membranes cast with and without lipoprotein
components in the casting formulation. The general trend for the
ghosts and solubilizedlipoproteinwas to increase the watex flux,
but only to ELsmall degree
stud!.es. The percent salt

compared with the direct osmosis
rejection decreased a small amount in
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TABLEXJI

ReverseOsmosisExperimentswith ImpregnatedEastmanCelluloseAcetateMembranes
(Pressure= 600 psi.lJaClConcentration= 0.5M)

MembraneTreatment

1.

2.

3*

4.

5.

6.

a

Wet Water Salt
Thickness Flux Re,jectiona
(roils) (gallonsft”~day-~) (%)

EastmanRO-97,untreatedstandard 4 8.9 71
RQ-97with l+ ml solublepreparation4 10.1 76
filteredthroughtightside of the
membrane

EastmanRO-97,untreatedstandard
RO-97with l~,nilsoluble
preparationfilteredthrough
the back side of the membrane

EastmanRO-97,untreatedstandard
RO-97with 3 ml ghostsuspension
filteredthroughtightside of
the membrane

EastmanRO-97,untreatedstandard
RO-97with 3 ml ghostsuspension
filteredthroughback side of
membrane

EastmanRO-97,untreatedstandard
RO-97with 1%? ml of pyridine
extractedproteinfilteredthrough
tight sideof the membrane

EastmanHT-00untreatedstandard
HT-00with 3 ml ghostsuspension
filteredthroughmembrane

4
4

4
4

4
4

4
4

4
4

10.9
u.8

8.9
6.3

8.9
7*4

8.7
8.9

232
1.6

84
80

71
70

71
28

89
89

0
30

$ SaltRejection= Ci-Cf/Cix100,where ci = NaCl concentrationin feed solution
and Cf = NaCl concentratloain the effluentsolutLon.
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TABLEXUJ

ReverseOsmosisExperimentswith CoatedCelluloseAcetateMembranes
(Press& = 600 Dsi,NaCl Cone.= 0.5 M)

W.st WaterFlux . Sslt

MembraneTreatment Thickness (gallonsN* day‘1) R~fiction
(roils)

1. CelluloseAcetatea,untreated
standard 2.0 148 u

2, CA treatedin PVM-glycerinb 2.0 140 4

3. CelluloseAcetate,treated
PVM-glycerin

1}. CA treatedin PVM-glycerin
coatedtwicewith ghost
suspension

,-
in

2*O 1J2 4

and

1.0 7.85 18

a See footnote(a).ofTableXIV

b pm-glycerinsolutionwas cmposed of 3~0 (~Y@.) gJ-ycerinand
l@ poly (vinylmethylether)bywt. in Hz0.79
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both cases. Surprisingly,when the lipid and protein components
were incorporated separately in the cellulose acetate film, much
larger changes in water flux were noted, although the percent
salt rejection was largely unaffected. The protein increased
water flux while the lipid decreased it. Since lipids are
hydrophobic this decrease may be due to a decreased solubilit.vof
water in the membranes containing them. The protein components,
on the other hand, may be increasing the flux by increasing the
volubility of water in the membrane since they are water soluble
and hydrophilic.

The results of these experiments in which the lipoproteinswere
dissolved in the casting formulationwere not as conclusive as
those obtained earlier with the impregnated or coated filters
(Section IV B). This may be due to the fact that in the direct
osmosis studies the pores of the membrane were filled with
lipoprotein,whereas in these cast films the lipoproteins are,
at best, only lining the pores. Another problem with the reverse
osmosis work (Table DV) has been the low limit on lipoprotein
loading, since precipitation occurs at higher concentrations.
In comparing runs (1) and (2) there appears to be a trend towards
increasingwater flux with increasing amounts of ghost material.
However, at this concentrationof ghosts (0.2% W/W) a small
amount of precipitate was already starting to form. Perhaps
other methtis of increasing the lipoprotein loading could be found.
Use of other casting solvents is one possibility.

4. Cast Cellulose Acetate Butyrate Films

Parallel studies on casting cellulose acetate butyrate membranes
with added lipoprotein have been attempted. It has been claimed
that these membranes have even better water flux and alt rejection
properties than the standard cellulose acetate films.80

However, in our work using the following casting formulation80:

Cellulose acetate butyrate
Weight ~
22

(type MB-171-15 )
Triethyl phosphate
Glycerol

25

n-Propanol :
Acetone 45

it was found that addition of small amounts (1-3%) of the aqueous
lipoprotein solutions caused excessive thickening and sometimes
precipitation. The films that were cast containing water gave
widely divergent results. Films cast with a 1X, cellulose acetate
butpate content were still not satisfactory, so this approach was
abandoned.
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TABLEXIV

ReverseOsmosisExperimentswith CastCelluloseAcetateMembranes
(Pressure= 600 psi,NaCl Concentration= 0.5M)

MembraneTreatmenta

1.

2.

3.

4.

.5.

CelluloseAcetate.Standard
CA and O.1~ (W/W)’GhostSuspension

CA, Standard
CA, 0.2%GhostSuspension

CA, Standard
CA, 0.1%SolubilizedLipoprotein
Solution

CA, Standard
CA9 O.@~ Proteinb

CA, Standard
CA, 0.1%Lipidc

Wet Water Salt
Thickness Flux Re.iectiion
(roils) (galJ.onsft~~day-~) (%)

1.3 216 14
1.4 244 10

2.0 152 8
1.0 345 14

1.3 148 18
1,2 173 14

1.3 142 14
1.3 244 12

1.3 173 8
2.1 33 8

a. The celluloseacetatemembraneswere all castfrom solutionsof the following
composition:I_% (w/v) ce dose acetate(Eastman398-10),35% For-de)

F6$ water and 44% acetone.7 The lipoproteinwas addeddirectlyto the CA solution

I

beforecasting.”

b. The proteinwas isolatedfromthe rest of the cellmembranecomponentsby
pyridinesolubilization.

c, The lipidwas isolatedfromthe rest of the cellmembraneby extractionwith
chloroform: isoprcpanol,7:11V/V.
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v. CONCLUSIONS

Reconstituted lipoprotein membranes, although too thin to be handled
and tested’independently,can be incorporated into a variety of support
structures,either as coatin~s, pore fillings, or as part of the support
structure itself. Of these methods, surface coating seems to be the least
effective in altering the permeability of the support member. This may arise
from the hydrophilic nature of the lipoprotein films and their inability to
form strong bonds to themselves or to-the support matrix. Protein cross-
linking agents} such as ~lutaraldehyde,improve the adherence of the
lipoproteinsto the support, but a better so].utionwould involve use of a
support which could covalently bond to the lipop~otein. Because these films
are so thin, they may be unable to span a large pare in the support. This
is consistentwith our finding that supports with pore sizes larger than
about 50 ~ are little affected by treatment with membrane lipoproteins.

Application of the lipoproteinto the support by impregnatingthe
pores followed by recanstituticmwithin the pores has proven to ‘bea superior
method of loading supports. Even the performance of’tight desalination
membranes responds better to this treatment than to surface coating. The
most promising,systems were obtained by smk~.ng Millipore or Sartorius
filters in intact ghosts or soluble lipoprotei~ drying, and then treating with
glutaraldehyde. The use of glutaraldehydeSeemsespecially effective in
increasing the water flux Of the mem’oraneswithout sacrificing salt rejection.
Filtration of the lipoprotein through the support by pressure or suction is
also highly effective in filling the pores.

The evidence presented indicates clearly that the presence of
lipoproteinfrom red cell membranes in various porous membrane supports
decreases the salt flux and increases the water flux through these filters.
Maximum decreases in salt flux of 97% and increases in water flux af up to
200C@ have been obtained. The lipoprotein must be interacting in a specific
way with the salt and water. If an inert substance were impregnated into
the porous support one would expect that both the salt and water flux would
decrease since the effective pore size would be diminished. It is possible
that with the lipoproteinsthe abserved decrease in salt flux is due to this
effect. However, the increase in water flux cannot be explained in this
manner, It seems likely that this increase is due to an increased solubi,lity
of water in the lipoproteinportion of the compositemembrane.

Although relatively little was done with this approach, the properties
of cellulcwicmembranes cast from formulations containing lipoproteinsand
their componentshave proven very interesting. In spite of the small loadings
(0.02-O.2~) of natural membrane materials employed, substantial increases in
water flux of CA membranes were found with intact ghosts, solu’bk Iiyoprotein
and isolated pratein and a sharp drop in water flux occurred with lipid alone.
It may be assumed that in these composite membranes these additives may line
the pores and thus influence,by their polar or nonpolar character, the water
flux through the pore. Surprisingly,no correspondingeffect on salt fluxes
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was produced by this treatment. Further wark in th:isarea should include a
major effort to increase the lipoprotein loading i.n‘thesecast films.

Surface chemistry studies have shown that the reconstituted
lipoproteins farm tough films at an airwater interface and that the strength
of the films depends on the ionic environment of the subphase. Hi@iy
completing cations and anions form the stro.lgestfilms. Cross-1inking of
the lipoprotein subunits in the film with glutaraldehyde also enhances film
toughness, These films are much thicker than conventionalprotein and lipid
monolayer and.are believed to consist of nmnolayers of globular lipoprotein
membrane subunits. The parallelism between the interracial behavior of the
reconstitutedmembrane and intact red cell ghosts is remarkable.

Further investigation af the isolated membrane c’mnponentsclearly
supports the dominating role of the protein in these systems. The twa-
dimensional pressure-area characteristicsof the iso~ated pro-beinsare similar
to those of the lipoproteins and are little affected by addition of the
extracted lipid; the only large effect observed is an increase in film
thickness resulting from invasion of the protein film by lipid. Closer
examination of the membrane prdein structure by circular dichroism revealed
that little, if any, change occurs in the secmd,ary protein structure upon
solubilizingthe membrane lipoproteins or even after freeing the prntein of
lipid. However, significant and possibly irreversible changes in the tertiary
structure of the protein do appear to take place when the lipoprotein complexes
are broken up. On the other hand, the reversible solubili:zationand
reconstitution of the intact lipoprotein membrane involves no permanent change
in tertiary conformation. These postulated chan~es in lipoprotein structure
are outlined in Figure 16, in which the yrotein is represented by the large
spheres and wiggly lines and the lipids by the small ball and stick structures.
Such behavior may be rationalized by assuming that the principal.f’orcesholding
together the lipop~otein complexes are lipophilic interactionsbetween the
hydrocarbon tails of the phospholipids and the nonpolar side chains of the
proteins. When these complexes are destroyed, confirmational changes in the
protein prevent the reestablishment of these lipophilic links. Consequentlyj
further interaction between the protein and lipid accurs throu@ the more
conventional ionic bonds between the polar heads of the lipids and the
yeptide units and amine and carbo~lic acid residues in the protein.

To sum up, it would appear that the protein portion serves as the
superstructure of the cell membrane, determining the three dimensional
organization,whereas the lipid components fill.in the pores of this super-
structure in order to control and select molecules that may penetrate.
Dramatic changes in cell membrane permeability, such as those that occur in
nerve impulse transmission, are probably caused by allosteric changes in the
enzymes contained in the protein superstructure,

VI. RECOMMENDATIONS

Much further work is necessary to develop practical synthetic models
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of natural membranes which can compete with currently available desalination
membranes. Eased on the results of this exploratory study, promising leads
have been found which warrent further work. Several are listed below.

1. Effect of lipoproteins on increased water flux without loss of
salt barrier. Much more work is needed on both impregnated and composite
cast membrane systems containing lipoproteinsand their components in order
tn”optimize this effect and understand the principles involved.

2* Improve lipoprotein loading of cast CA membranes. New
formulationsare needed in which larger amounts of lipoporteins can be
loaded into cast CA membranes. Many t~es of both synthetic and natural
lipid and protein substances should be formulated into cast cellulose acetate
membranes.

3. Development of porous support materials having high affinity
for lipoproteins. New types of synthetic support membranes should be sought
to which lipoproteinsmay be covalentlybonded ~r tiEhtly complexed.

4. Determine the uniqueness of red cell membrane lipoproteins in
modifying flux c&acteristics of supports. Repeat permeability studies
with other lipoproteins e.~.~ low and high density serum lipoproteins,
chyhnicrons, bacterial, chloroplast and mitochondrial lipoproteins.

5. Determine long term effects of lipoproteintreatment on the
flux characteristicsof CA membranes. Do lipoproteins or their components
alter the tendency of cellulosic membranes to foul in the presence of
proteinaceousfeeds?

6. Active transport of salt. Since Na$-ATPase.is known to
survive solubilizationof the red cell membrane, ‘~helipoprotein loaded
support systems developed in this pro,jectshould he good models in which to
demonstrateactive transport in a reconstitutedmembrane system.

7. Development of non-biode~radableanalogs of natural lipoproteins
for long term use in desalination. Are their properties comparable to those
m? natural membranes?

8. Further study of lipid~rotein interactionin biological membranes.
Much more effort is necessary to identify the subtle effects of the lipid
and protein components on the permeability properties of biological membranes.
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