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Salt-induced liquid-liquid phase separation of protein-surfactant complexes

Janaky Narayanan* and Vinod W. Deotare
Department of Physics, R. J. College, Ghatkopar (West), Mumbai 400 086, India

~Received 27 August 1998; revised manuscript received 2 June 1999!

We report the cloud-point curve determination of lysozyme-sodium-doderyl-sulfate~SDS! complexes in
solution. By varying thepH, salt concentration, and relative ratio of lysozyme to SDS, the phenomenon of
clouding and liquid-liquid phase separation is investigated under different solution conditions. For the tem-
perature, concentration, andpH ranges used in this study, the clouding phenomenon appears to be controlled
by the electrostatic interaction between the lysozyme-SDS complexes. Any change in the solution condition
that leads to a decrease in the charge on the lysozyme-SDS complexes results in an increase in cloud-point
temperature. A generalized Flory-Huggins theory for polydisperse polymers is used to describe the cloud-point
curve.@S1063-651X~99!06410-7#

PACS number~s!: 87.15.Nn, 64.10.1h, 64.70.Ja, 64.75.1g
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INTRODUCTION

The interactions and structure of complexes formed
proteins with surfactants in aqueous solutions have b
studied extensively@1–12#. Anionic surfactants such as so
dium dodecyl sulfate~SDS! interact strongly with oppositely
charged globular proteins and denature them. The unfold
of the proteins by SDS is considered to be caused by bind
of the SDS molecules to the hydrophobic portion of t
polypeptide chain. The binding of SDS to proteins is stud
by determining the binding isotherms in which the number
surfactant molecules bound per protein molecule (n̄) is plot-
ted as a function of surfactant concentration@13#. At low
surfactant concentration this number increases slowly, c
acterizing a specific and noncooperative binding, follow
by a rapid increase due to nonspecific and cooperative b
ing. The unfolding of the proteins is believed to occur in t
cooperative binding region. Further increase in surfact
concentration leads to a saturation region where further b
ing of the surfactant does not occur on the protein and n
mal micelle formation occurs as excess surfactant is add

The microstructure of protein-surfactant complexes
been investigated by various techniques@3–11#. The struc-
ture of bovine serum albumin~BSA! and ovalbumin~OVA!
complexes with SDS and lithium dodecyl sulfate~LDS! was
described in terms of a necklace model by using a sm
angle neutron scattering~SANS! study @3–5#. This model
assumed that denatured polypeptide chains were flexibl
solution and micellelike clusters of SDS/LDS were form
around the hydrophobic patches of the protein backb
along the unfolded polypeptide chain. Investigations of
BSA-SDS system by spectroscopic probe technique
steady state and time-resolved fluorescence, electron
resonance, and deuterium NMR spectroscopy—led to
conclusion that the structure of the complexes was of
necklace and bead type in which unfolded protein wrap
around surfactant micelles@8#. The wrapping of protein
around the micelles decreases the mobility of the head gr
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and presumably lowers the electrostatic field. The first clo
point curve determination of BSA-SDS complexes in so
tion was done by Guo and Chen@14# and they described the
cloud-point curve using generalized Flory-Huggins theo
assuming the structure of the complexes to be polymerli

In this paper we investigate the protein, lysozyme, wh
is a widely studied globular protein@15,16#. Its molecular
weight is 14 600 and the isoelectric point~pI! is 11.0. Hence
it is positively charged in aqueous solutions. Its native co
formation is a prolate ellipsoid with dimensions 45330
330 Å. The phase equilibrium of lysozyme and SDS in w
ter have been investigated recently by Moren and Khan@12#
over a wide concentration range of 20 wt % protein and
wt % surfactant. The phase diagram was discussed in te
of electrostatic and hydrophobic effects elucidating t
protein-surfactant interactions. Liquid-liquid and solid-liqu
phase separation of aqueous solutions of lysozyme indu
by a series of chloride, bromide, and sulfate salts have b
investigated by Broide, Tominc, and Saxowsky@17#. The
phase-separation temperature was found to be very sens
to the identities of both the cation and anion of the add
salt. While modeling the protein interactions, they found th
the Derjaguin-Landau-Verwey-Overbeek~DLVO! theory
@18# for the interaction energy between charged sphe
could not account for their observations and hydration for
play an important role in protein interactions.

In this paper, we report the cloud-point curve determin
tion of lysozyme-SDS complexes in solution along t
guidelines given by Guo and Chen@14# for the BSA-SDS
system. It is found that when thepH of the solution is close
to thepI of the protein and the ionic strength of the solutio
is sufficiently high, liquid-liquid phase separation occurs
the solution of lysozyme-SDS in proper weight ratio
cooled below its cloud-point temperature. The solution g
cloudy and separates into two coexisting liquid phases,
rich in protein and the other poor in protein. The cloud-po
temperature is found to be very sensitive to the io
strength,pH, and relative proportion of lysozyme and SD
Also, as observed by Moren and Khan@12#, on heating to
55 °C or above and cooling, the samples give rise to heat
gels, especially for large weight percent. This sets a limit
the concentration range that can be explored. The clo
ic
4597 © 1999 The American Physical Society
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4598 PRE 60JANAKY NARAYANAN AND VINOD W. DEOTARE
point curve is explained using generalized Flory-Hugg
theory for polydisperse polymers@14,19,20#. However, the
interplay of the various interactions that leads to the cloud
phenomenon seems to be too elusive to be accounted
quantitatively.

MATERIALS AND METHODS

Lysozyme from chicken egg whites~L6876! was bought
from Sigma Chemicals~lot 57H7045! and used without fur-
ther purification. SDS purchased from Loba Chemie~bio-
chemical grade! and sodium chloride~NaCl! from Merck
were used as received. Carbonate buffer solutions ofpH
59.7, 10.0, and 10.2 were prepared using 0.025M NaHCO3
and 0.025M Na2CO3 by adjusting their relative proportions
Samples were prepared by dissolving weighed quantitie
lysozyme, SDS, and NaCl individually in buffer and the
mixing them in the order lysozyme plus SDS plus NaCl. F
convenience, a 15 wt % SDS stock solution in buffer w
used in the preparation of samples. Lysozyme is solubl
aqueous solutions withpH510, but the solution is slightly
turbid, indicating some aggregation@21#. However, on addi-
tion of SDS solution and mixing thoroughly it becom
clear. Later, NaCl solution was added and the sample
stirred with a magnetic stirrer. After mixing, the solution w
left undisturbed for another 2 h sothat the complex reache
equilibrium.

For the cloud-point determination, the solution w
poured into a 1 cmdiameter glass vial having an airtight ca
to prevent evaporation. The sample vial was placed in
thermostat bath of Brookhaven BI-90 particle sizer, empl
ing a He-Ne laser (l5632.8 nm). The scattering angle wa
90°. The sample was heated to a temperature above the c
point until the solution became clear. Then the tempera
was successively reduced by one or two degrees and
sample was equilibrated for 5 min at each temperature.
count rate, which is a measure of the scattered intensity,
monitored for 5 min at each set temperature and the ave
value was recorded. A plot of count rate vs temperat
shows a sharp change of slope at the cloud-point tempera
~Fig. 1!.

In order to settle the ambiguity in selecting the line
regimes in the high temperature and low temperature pa
the curve, the following method was adopted. The data w
split into two groups with varying number of points in ea
group. Both the groups were fitted by linear regression
the average value of the correlation coefficient (r av) was
noted down. The maximum of ther av would correspond to
that grouping of the data which would have the best linea
on both low and high temperature regimes. The cloud po
was determined by grouping the data as per thisr av value.

The cloud-point temperature has been found by so
cooling the sample. In order to eliminate the error of und
cooling the sample to induce phase transition as is mentio
in Ref. @17#, the experiment was repeated by heating
same sample and measuring the count rate at the same
peratures as were set while cooling. For low concentra
samples, the cloud-point temperature measured by hea
the sample was found to be 1 °C to 2 °C higher than t
found by cooling the sample. For samples of high concen
tion, the fluctuations in count rate while reheating the sam
s
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were too large to find a meaningful average.
The temperature range used in this study was 20–50

At temperatures less than 20 °C there is condensation of
ter vapor around the sample vial. Since there is no purg
gas facility in the instrument, only those concentratio
which would have cloud-point temperature greater th
25 °C were chosen for this study.

FIG. 1. Plot of count rate vs temperature for lysozyme plus S
of total weight percent,~a! 7.5%, ~b! 10.5%, and ~c! 12%.
Lysozyme:SDS51:2, pH510, and NaCl concentration is equal t
0.4M . The cloud-point temperature is at the point of intersection
the straight line fits to the high and low temperature regions of
graph.
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Samples of low concentration phase separated v
slowly below the cloud point. At higher concentrations, t
phase separation was faster~within a day or two! with the
lower phase appearing more dense and turbid than the u
phase. On reheating the phase-separated sample abov
cloud-point temperature, both phases cleared but mainta
a meniscus at the boundary of the two phases. The sam
could later be homogenized by shaking to get a visually c
one phase. In low concentration samples, the data co
sponding to cloud-point measurements were reproducible
heating and cooling the same sample two or three tim
However, for high concentrations, especially beyond
critical point, the reproducibility of the results was limite
due to formation of gel on repeated heating. Hence verifi
tion of the results had to be done by preparing fresh sam
of the same concentration.

The presence of protein in both phases of fully pha
separated samples was confirmed as follows.

A solution of total weight percent of 0.6% with lysozyme
:SDS in the weight ratio of 1:2 was prepared in buffer ofpH
10 in the presence of 0.4M NaCl. This was diluted with
buffer to get a standard solution with protein concentrat
of 16 mg per 100 ml. Protein estimation was done by
method of Lowryet al. @22#. The absorbance of the samp
was measured using a Jasco V-530 UV/VIS Spectrophot
eter and a calibration graph of absorbance vs protein con
tration was determined. From the upper phase of a fu
phase-separated sample of total weight percent of 12%
lysozyme:SDS in the weight ratio 1:2 in buffer ofpH 10 in
the presence of 0.4M NaCl, 0.1 ml of the solution was draw
out carefully and diluted by 50 times. The absorbance of
sample was measured and from the calibration graph,
protein concentration in the upper phase was determined
this sample, protein was found to phase separate in the
1:17 by weight in the upper and lower phases at room te
perature. The presence of protein in the upper phase was
confirmed for fully phase-separated samples of total we
percent of 9 and 7.5.

RESULTS

The cloud-point curve determined for lysozyme-SD
complexes in buffer solutions ofpH510 in the presence o

FIG. 2. Cloud-point curve for lysozyme-SDS complexes
buffer solutions ofpH 10 and 10.2 in the presence of 0.4M NaCl.
The weight ratio of lysozyme:SDS51:2.
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0.4M NaCl is shown in Fig. 2. The weight ratio of lysozym
to SDS was maintained at 1:2. The total weight percent
lysozyme plus SDS in the solution was varied from 6%
13.5%. For comparison, we have also plotted the data
measurements atpH510.2.

The effect of SDS concentration on cloud-point tempe
ture was studied by fixing the lysozyme concentration a
wt %, salt concentration at 0.4M , and varying the SDS con
centration for different weight ratios of lysozyme to SD
The samples were prepared in a buffer ofpH510. It was
found that for weight ratios of 1:1.5 and 1:2.5 of lysozym
:SDS, the solution did not show any clouding when coo
up to 20 °C. For intermediate weight ratios, the clouding w
observed with cloud-point temperature passing throug
maximum at 1:2~Fig. 3!.

The effect ofpH on cloud-point temperature is shown
Fig. 4. The total weight percent of lysozyme plus SDS w
maintained at 9 wt % with lysozyme:SDS in the weight ra
of 1:2. The salt concentration was kept at 0.4M . The samples
were prepared in buffers ofpH 9.7, 10.0, and 10.2. The
cloud-point temperature was found to pass through a m
mum atpH;10.0.

FIG. 3. Variation of cloud-point temperature with SDS conce
tration. Lysozyme concentration is equal to 3 wt %, NaCl conc
tration is equal to 0.4M , pH510. The dotted line is a guide to th
eye.

FIG. 4. Variation of cloud-point temperature withpH. Total
weight percent of lysozyme plus SDS is equal to 9 wt %, lysozym
:SDS weight ratio is equal to 1:2, NaCl concentration is equa
0.4M . The dotted line is a guide to the eye.
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The effect of salt on cloud-point temperature was stud
by fixing the total weight percent of lysozyme plus SDS
9% in buffer ofpH510.0 (lysozyme:SDS51:2) and varying
the salt concentration from 0.3M to 0.45M . For 0.3M salt,
the solution remained clear at room temperature. As the
concentration was increased from 0.35M to 0.425M , the
cloud-point temperature also increased~Fig. 5!. A sample
with 0.45M salt was not clear up to 55 °C. On heating
60 °C it cleared, but on cooling there was irreversible ph
separation with a formation of a gel that had a spongy t
ture. It has to be mentioned here that thepH of the solution
changes on addition of salt, especially in large quanti
@17,23#. Since lysozyme precipitates out in the presence
salt at thispH, we could not adjust the buffer solutionpH in
the presence of salt to required values and use it for diss
ing lysozyme and SDS. Hence thepH values reported here
are those of the buffer solutions used to dissolve lysozy
SDS, and NaCl individually and then mix them in the sam
order. It was found that for the buffer solutions ofpH
59.7, 10.0, and 10.2 used in this study, the relative de
ment ofpH in the presence of 0.4M salt was the same.

DISCUSSION

For a system exhibiting an upper consolute bounda
cooling below the cloud-point temperature produces a ph
separation, which is driven by a net attraction between
molecules. The stronger the attraction, the higher is
cloud-point temperature. We find that the cloud-point te
perature of lysozyme-SDS complexes is very sensitive to
ionic strength,pH, and relative proportion of lysozyme an
SDS. This indicates that the screening of the electrost
interaction plays an important role in deciding the net attr
tive force responsible for clouding.

The charge on lysozyme is17e at pH59 and decrease
rapidly as the isoelectric point atpH511 is approached@15#.
As mentioned earlier, the solution of lysozyme dissolved
buffers of pH'10 is turbid, indicating some aggregatio
However, when SDS solution is added in the weight ratio
lysozyme:SDS51:2, the solution clarifies. Moren and Kha
@12# have determined the phase diagram for the lysozy
SDS-water system. They found that addition of sm

FIG. 5. Variation of cloud-point temperature with NaCl conce
tration. Total weight percent of lysozyme plus SDS is equal to
wt %, lysozyme:SDS weight ratio is equal to 1:2,pH510. The
dotted line is a guide to the eye.
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amounts of SDS to an aqueous lysozyme resulted in prec
tation. The yield of the precipitate increased as the numbe
SDS molecules per protein molecule (NSDS/NP) increased
and reached a maximum atNSDS/NP58. This is attributed to
complete charge neutralization of protein since atpH57 the
charge on lysozyme is18e. On addition of more SDS, a
complete redissolution of the precipitate occurred at abou
SDS molecules per protein. For higher SDS concentratio
clear isotropic single solution phase was obtained. Hence
interaction between protein and surfactant forNSDS/NP
.19 must be due to nonspecific and cooperative binding

The lysozyme-SDS weight ratios of 1:1.75, 1:2, a
1:2.25 used in this study correspond toNSDS/NP588, 101,
and 114, respectively. Hence it may be expected that S
aggregates into micelles which get bound to the protein
folding it. A rough estimate of the hydrodynamic radius
the lysozyme-SDS~1:2! complexes at 45 °C,pH510, and
@NaCl#50.4M , determined from the count rate of the sca
tered light, was 150 Å, which is almost an order of mag
tude higher than the mean radius of the protein.

The aggregation number of SDS micelles in water is
for a concentration of 69 mM~;2 wt %! which increases to
about 1000 in the presence of 0.6M NaCl @24#. However, the
micellelike aggregates formed on protein were found to
smaller than the corresponding micelles formed in prote
free solutions@3,8#. Guo and Chen@14# report that there is no
substantial change observed in the cloud-point curve for S
to BSA weight ratio varying between 2.2/1 and 3.2/1 exc
that the shape of the cloud-point curve becomes slightly fl
ter with increasing SDS to protein weight ratio. For the
weight ratiosNSDS/NP varies from 504 to 733. This sugges
that these SDS concentrations are in the saturation bin
region of the binding isotherm where free micelles may c
exist with protein-bound micelles as the saturation binding
SDS to BSA is 1.4 g of SDS/g of protein@1,25#.

For the lysozyme-SDS system, Fukushimaet al. @9,10#
have determined the binding isotherm at differentpH and in
the presence of salt. Beyondn̄510, the binding of SDS to
lysozyme was found to be cooperative andn̄ increased to as
high as 70 in the cooperative binding region for salt conc
trations ranging from 10 to 100 mM. Also the degree
counterion (Na1) binding in the lysozyme-SDS comple
was found to increase withn̄ and approach the value of 0.
for free SDS micelles for large values ofn̄( n̄.60). In Fig. 3
we observe that in the lysozyme-SDS system, the clo
point temperature is highly sensitive to the relative weig
ratio of lysozyme to SDS unlike the case of the BSA-SD
system@14#. For the lysozyme:SDS weight ratios of 1:1.7
1:2, and 1:2.25,NSDS/NP588, 101, and 114, respectively
which are far less than those in the BSA-SDS system stud
by Guo and Chen@14#. One possible explanation of the ob
served result could be that the SDS concentrations use
this study are in the cooperative binding region of the bin
ing isotherm where no free micelles exist in the solution. T
negatively charged SDS micellar aggregates bound to
protein may change the net charge of the lysozyme-S
complex from a net positive to a net negative charge as
protein to surfactant ratio decreases. Increase in charg
either sign would increase the repulsive energy between
complexes, resulting in a lowering of cloud-point tempe
ture.

9
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Keeping thepH and salt concentration constant, if th
charge on the protein can be tuned by changing the rela
proportion of protein to SDS, then, by keeping the relat
proportion of protein to SDS and the salt concentration c
stant, it should be possible to vary the charge on
lysozyme-SDS complexes by changing thepH of the solu-
tion. SincepI of lysozyme is 11.0, the charge on the prote
progressively becomes more positive aspH is decreased be
low 11.0. If the negative charge on the SDS micellar agg
gates bound to the protein remains the same at constant
concentration, the charge on the lysozyme-SDS complex
be changed by varying thepH. In Fig. 4, we find that the
cloud-point temperature is very sensitive topH and the ef-
fect of increasingpH at constant SDS concentration is th
same as increasing SDS concentration at constantpH ~Fig.
3!.

That the charge on the protein-surfactant complex pl
an important role in deciding the cloud-point temperature
demonstrated by Fig. 5, in which the cloud-point temperat
is plotted against salt~NaCl! concentration, keeping the pro
tein to surfactant weight ratio and thepH of the solution
constant. As the salt concentration is increased, the clo
point temperature increases monotonously till an irrevers
phase separation occurs. The range of the repulsive Coul
energy is decided by the Debye screening lengthk21. At
room temperature,k21;3 Å/AI where I is the ionic
strength of the solution. In addition to the salt concentrati
the counterion concentration also contributes to the io
strength. The ionic strength due to counterions is given
0.5a(C-CMC) @26# wherea is the fractional charge on th
SDS micelles,C is the molar concentration of SDS, an
CMC is its critical micelle concentration. However, for SD
concentrations used in this study (C<9 wt %, i.e.,
<0.32M ), sincea'0.3 @10,27#, the ionic strength due to
counterions is negligible and henceI'@NaCl#. Increasing
the ionic strength of the solution decreases the repulsive
of the interaction energy between the particles, which wo
increase the cloud-point temperature as seen in Fig. 5. T
the ionic strength seems to play an important role in
liquid-liquid phase separation. This is supported by the
cent finding of Satoet al. @28#, who have investigated th
binding of lysozyme to pyrene-labeled polyanions. Mac
scopic phase separation is found to occur in these sys
due to the association of the complexes of the lysozy
dimers with polymers. ThepH at which the macroscopic
phase separation begins to occur depends on the i
strength, which implies that the bulk phase separation is c
trolled by electrostatic interaction.

The microscopic origin of the cloud-point transition
elusive. Different models have been proposed to explain
phenomenon of clouding in macromolecular solutio
Water-mediated intermicellar interaction modeled in t
form of the Yukawa potential has been used to explain
lower consolute boundary in nonionic micellar solutio
@29#. The sticky hard sphere potential and Baxter model@30#
have been used to determine the phase diagram of non
surfactant solutions@31# and sterically stabilized colloida
silica dispersions@32#. The phase boundaries of charged c
loidal dispersions have been described using a sticky h
sphere reference system with DLVO perturbation poten
treated in random phase approximation@33,34#. These mod-
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els assume that the interacting particles are spherical in s
ture as liquid state theories of phase separation are far m
advanced for this case. Description of anisotropic particle
moderate ratios of length to diameter as effective sphere
considered as a reasonable approximation in these mod

Regular solution theory and lattice models are also u
to describe the consolution curves@35#. However, these theo
ries are thermodynamic in origin and not molecular. T
approach which uses a lattice model in the mean-field
proximation was extended by Flory and Huggins@36# to
polymer solutions. A generalized Flory-Huggins theory f
polydisperse polymer solutions has been developed by K
ingsveld @19# and Solc@20#. The experimental consolution
curves of several polymer solutions could be accounted
by this theory@19#. Flory-Huggins theory has been used
explain the lower consolution boundary of nonionic micel
solutions@37,38#. Treating the proteins unfolded by boun
surfactant micelles as polymerlike objects, Guo and Ch
@14# have applied the Flory-Huggins theory for polydisper
polymers to describe the cloud-point curve of BSA-SD
complexes in solution. We recapitulate this polymer pha
separation theory in the following.

If the interaction parameterx (;const/T) is assumed to be
independent of the volume fraction of polymers, the clou
point curve equation for the Flory-Huggins system can
written in the form@20#

1

2
Ks~11n0!1~n021!2~n212m21!

1Ff212
1

2
~11n0!G lnS 12fn0

12f D50, ~1!

wheref is the volume fraction of the polymer in solution
mk are the statistical moments of the normalized chain-len
distributionw(x) of the polymer under investigation, andnk
are the statistical moments of the unnormalized distribut
of the polymer contained in the incipient phase.

mk5E
0

`

xkw~x!dx and nk5E
0

`

xkw~x!exp~Ksx!dx.

~2!

The constantK51 if f,fC and21 if f.fC , wherefC is
the critical volume fraction given by

fC5~11xwxz
21/2!21. ~3!

xw andxz are, respectively, the weight average andz-average
chain lengths of the polymer. Sincem15xw and m2 /m1
5xz ,

fC5~11m1
3/2m2

21/2!21. ~4!

The positive parameters is related to the interaction param
eterx through

2xf~n021!5Ks1 lnF 12f

12fn0
G . ~5!

At the critical point,
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4602 PRE 60JANAKY NARAYANAN AND VINOD W. DEOTARE
xC5 1
2 ~11xz

1/2xw
21!~11xz

21/2!

5 1
2 ~11m1

23/2m2
1/2!~11m1

1/2m2
21/2!. ~6!

Hence for a given normalized chain-length distributionw(x)
of the polymer under investigation, all the statistical m
mentsmk andnk can be evaluated and using Eqs.~1!–~6! the
cloud-point curve can be theoretically determined.

For polymers with exponential distribution@20#,

w~x!5tu11G21~u11!xu exp~2tx!. ~7!

The moments of the polymer distribution are given by

mk5
G~u1k11!

G~u11!
t2k ~8!

and

nk5
G~u1k11!

G~u11!

tu11

~ t2Ks!u1k11 , ~9!

with s,t, sinceK561.
Applying the above phase-separation theory to BSA-S

complexes in solution, Guo and Chen@14# have assumed th
effective chain-length distribution to be a Schulz distrib
tion. In this casew(x) is identical to Eq.~7! with t5(u
11)/x̄, whereu is an integer andm15 x̄. The parameteru
indicates the polydispersity of the sample; the smaller
value ofu, the larger is the polydispersity. Drawing an an
ogy with the BSA-SDS system, we apply the polymer pha
separation theory to explain the cloud-point curve
lysozyme-SDS complexes in solution.

If the phase volumes of the phase-separated sample
temperature very close to the cloud-point temperature
equal, then the sample can be considered to be at the cr
concentration@14,39#. The lysozyme-SDS sample of 12 wt %
at pH 10 (lysozyme:SDS51:2 and@NaCl#50.4M ) was set
at a temperature 1 °C below the cloud-point temperature
allowed to phase separate. The volumes of both phases
found to be almost equal. Hence 12 wt % was assumed t
the critical concentration. The critical volume fractionfC
was calculated using the specific volumes of lysozy
~0.703 cm3 g21! and SDS~0.847 cm3 g21!. Using the experi-
mental data shown in Fig. 2, the cloud-point curve was
calculated in terms ofT/TC and f, where TC ~K! is the
cloud-point temperature atf5fC .

From the experimental value offC , for a given polydis-
persity parameteru, the average effective chain lengthm1
5 x̄ can be obtained by solving Eq.~4! and hence allmk and
nk can be computed. For every assignedf, the interaction
parameterx can be solved from Eqs.~1! and~5! numerically.
Sincex;const/T, xC /x;T/TC . The experimental (T/TC vs
f! and theoretical (xC /x vs f! cloud-point curves are show
in Fig. 6. It was found that onlyu53 could fit the experi-
mental data satisfactorily. The quality of the fit near the p
cipitation threshold, which is the maximum of the clou
point curve, is not very good.u51 gave a good fit near th
precipitation threshold, but a very bad fit at lower volum
-

S

-

e

-
f

t a
re
cal

d
ere
be

e

-

-

fractions. The theoretical curve in Fig. 6 corresponds to
polydispersity index,u53, and the average effective cha
length m15105. The small-u value indicates that the
lysozyme-SDS complexes are highly polydisperse.

Though the polymer phase-separation theory reprodu
the experimental cloud curve, the exact nature of the in
particle interaction force is difficult to assess. It could be t
resultant of the repulsive Coulomb and attractive van
Waals and attractive~hydrophobic! solvation forces@40#. In
the preceding paragraphs we have explained the variatio
cloud-point temperature withpH, salt concentration, and
relative lysozyme to SDS ratio in terms of the electrosta
interactions. However, the role played by other repulsive
teractions such as hydration forces@40# cannot be ignored.

SUMMARY

The phenomenon of clouding and liquid-liquid pha
separation in lysozyme-SDS complexes in solution has b
investigated under different solution conditions by varyi
the pH, salt concentration, and the relative weight ratio
lysozyme to SDS. The cloud-point temperature is found
be very sensitive to these parameters. The cloud-point cu
can be described by a generalized Flory-Huggins theory
polydisperse polymers. This suggests that the lysozyme-S
complexes behave like flexible polymers due to the unfo
ing of the protein by the bound surfactant micelles. For
temperature, concentration, andpH ranges used in this study
the clouding phenomenon appears to be controlled by
electrostatic interaction between the lysozyme-SDS co
plexes. A decrease in the net charge on the complexes b~i!
varying the pH of the solution,~ii ! changing the relative
lysozyme to SDS ratio, and~iii ! electrostatic screening of th
charge by salt ions present in the solution leads to a red
tion in repulsive interaction energy which results in an
crease in the cloud-point temperature. However, the elec
static interaction alone cannot account for other obser

FIG. 6. Theoretical fit to the experimental data of the clou
point curve in Fig. 2. The dotted line is the theoretical cloud-po
curve (xc/x vs f! calculated using the polymer phase-separat
model with polydispersity indexu53 and an average effectiv
chain lengthm15105. Circle corresponds topH510.0 of Fig. 2.
The experimental data were recalculated in terms ofT/TC and f
~refer text!. The arrow indicates the critical point.
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phenomena such as irreversible gel formation and precip
tion at high protein plus surfactant concentration and h
salt concentration. Since a large number of parameters
involved in deciding the solution conditions that are cond
cive to bringing forth the clouding, a quantitative descripti
of the clouding phenomenon requires further investigati
on the protein-surfactant interactions.
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