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GENERAL INTRODUCTION

The Importance of Protein Separation and Fractionation
An increasing number of biological products are being produced
microblally as a result of advances in molecular biology and genetic
engineering. These products include antibiotics, polysaccharides, and
proteins, both enzymes and hormones. Protein recovery demands both high
yields and purity levels, especially for those products intended for
clinical use. Several authors [1,2] have noted that the costs associated
with product recovery are often greater than those of the fermentation
itself.
The complexity of product purification and recovery is often linked
to the fermentation step.. If the protein is excreted by the micro
organism into the extracellular broth, the product may be easily separated
from the cells and is often of high purity, but will be quite dilute.
However, if the protein is not excreted, but is retained in the cytosol
or the periplasmic space, the cells must be disrupted to release the
protein. The result is a complex, heterogeneous, viscous mixture
containing a low concentration of product protein.

Often, in order to

facilitate removal of the cell fragments and improve the product recovery,
the homogenate (and hence the product) is further diluted [3].

At all

times through the course of the fermentation and separation processes,
care must be taken to maintain the integrity of the protein.

This

requires protection from denaturating environments or degradation by
proteolytic enzymes.
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It is these three factors, the dilute media, heterogeneous
composition, and the maintenance of the protein activity that are of
greatest concern In the recovery of proteins from fermentation broths.
In addition, the separation must often be carried out on a large scale—
perhaps 100 000 kg cells/day.
The desired characteristics of a protein recovery and purification
system are summarized below:
1.

Concentration

2. Selectivity
3.

Amenability to large scale operation

4. Process safety
5. Maintenance of enzymatic activity
6. Low cost
7.

Continuous operation

8. High recovery efficiency
9. Compatibility with other processing steps
10. Low toxicity of product.

Techniques for Protein Recovery and Purification
À number of different systems have been proposed for protein
recovery and purification for both lab and large scale applications:
chromatography, electrophoresis, ultrafiltration, and precipitation.
Precipitation is an excellent candidate for protein recovery for several
reasons.

If the target protein is Isolated in the solid phase, both

enrichment and concentration requirements are met.

Since subsequent

processing steps are performed on concentrated streams, the costs
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associated with the processing of dilute streams are reduced.

Precipita

tion processes may be scaled-up to accommodate large volumes, can be
operated on a continuous basis, and the activity of the protein may be
maintained. Finally because a number of precipitation techniques are In
use, ranging in cost and degree of selectivity, precipitation methods are
suitable for recovery of both low and high value products.

Protein Precipitation Methods
Precipitation results in the formation of a solid phase by
aggregation of solutes.

The aggregation results from a change in either

the surface properties of the solute or the solvent characteristics [4].
Several methods used in protein precipitation are isoelectric precipita
tion, salting-out, precipitation by non-ionic polymers, polyelectrolyte
precipitation, and reduction of the dielectric constant by the addition
of organic solvents. These methods are summarized below.

Salting-out
Salting-out by the addition of ammonium sulfate poses little
likelihood of protein denaturatlon.

In addition, ammonium sulfate is

both inexpensive and highly soluble.

Because salting out is a common lab

procedure, empirical relations [5] are available, relating protein
solubility to ionic strength.

Fractionation of a protein mixture may be

achieved by selective salting out.

However ammonium sulfate poses

disposal problems, and is corrosive to metal and concrete [6].

Residual

ammonium sulfate must be removed from the solution prior to other

#
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processing steps. Low levels of ammonium sulfate are unacceptable for
food or clinical applications.

Isoelectric precipitation
Isoelectric precipitation is attractive for large scale processes
because the mineral acids used are inexpensive, available in food grade
quality, and other than the removal of salts resulting from the
neutralization process, do not require additional processing for
precipitant removal.

However, protein denaturation may result and

careful pH control is necessary [7]. In addition, the fractionation
potential Is poor; protein-protein interactions appear to lower the
separation resolution.

Reduction of the dielectric constant
Reduction of the dielectric constant of an aqueous protein solution
by addition of an organic solvent is another means of precipitation.
Because the solvents are volatile, reagent removal and recovery is easily
accomplished. However to avoid denaturation, low temperature operation is
necessary [8], but the major disadvantage is the flammability of the
organic solvents. Human blood plasma has been successfully fractionated
by ethanol addition [9], with concomitant control of temperature, pH
level, ionic strength, and protein concentration.

Non-ionic polymers
The use of non-ionic polymers to remove protein from solution by the
excluded volume effect is advantageous because the polymer stabilizes the
protein and can be used at ambient temperature.

Residual polyethylene
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glycol has no effect on ion exchange resins and molecular weights of up
to 4000 Da are approved for use with blood plasma. However, high
concentrations of polymer are required to effect precipitation.

In

addition, the polymer is difficult to recover and recycle and may foul
gel chromatography columns.

Because of protein-protein interactions,

the fractionation potential is poor [10].

Polyelectrolyte precipitation
Protein precipitation by the addition of oppositely charged
polyelectrolytes has several advantages.

High removal efficiencies have

been reported, with retention of enzyme activity.

Very low concentrations

of polyelectrolytes are required and the fractionation potential appears
to be promising.

Although the polymers may be relatively expensive,

reclamation and recycling of the polyelectrolyte is possible [11]. The
availability of food grade polymers provides the option of eliminating
the removal step and incorporating the polymer-protein complex into the
product.

However, the use of polyelectrolytes as précipitants is

associated with a higher susceptibility to thermal denaturatlon [12, 13].

Research Overview
The work reported here summarizes the effects of the solution
conditions—pH, ionic strength, and polymer dosage conditions—on the
recovery of protein by precipitation with oppositely charged poly
electrolytes.

Selective precipitation of a target protein fraction has

been investigated and correlated with both ionic strength and net charge
on the protein. The specific objectives were to experimentally determine
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the effects of the precipitation conditions on the complex solubility
and interpret these results in a mechanistic model accounting for both
solubility and aggregation phenomena.
The effects of carboxymethyl cellulose (CMC) dosage level and
addition on the resulting aggregate composition, zeta potential, and
size are discussed in Part 1. The protein system used in this phase of
the study was egg white, with lyaozyme identified as the target protein.
This work emphasizes the importance of the dosage conditions in both the
precipitation selectivity and aggregate characteristics, and identifies
the dual role of the polymer in aggregate formation:

precipitant and

flocculant.
Part 2 summarizes the empirical investigation of polymer dosage, pH,
and ionic strength on the precipitation of ovalbumin and lysozyme by CMC.
Model solutions of the protein fractions were used. Fractional
precipitation was Investigated by performing the precipitation on binary
mixtures of the two proteins.

This synthetic, rather than natural, egg

white protein solution was used so that the protein composition could be
accurately determined.

The solubility behavior of the polymer-protein

aggregates with pH and ionic strength is closely aligned with ion exchange,
and an early modeling effort, treating the precipitation as a soluble
analogue to ion exchange is summarized.
Another model, presented in Part 3, is based on a multi-equilibrium
binding model.
considered.

Both electrostatic and hydrophobic interactions were

One objective was to account for the characteristic

resolublllzatlon of the complex at high polymer dosages.

Another objective

7

was to correlate the observed precipitation behavior with established
electrostatic theories.

Explanation of the Dissertation Format
The format used In this dissertation consists of five parts.

The

first Identifies a critical need In the bloprocesslng industry, summarizes
potential solutions, and outlines the scope of the work presented here.
The next three parts, written in a form suitable for a technical journal,
present the results of original work performed by the author. Literature
cited in each of these three parts is located at the end of the section.
Additional literature citations are referenced at the end of the
dissertation. The final section provides a summary of all work performed
and outlines recommendations for continued Investigation.
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PART 1. POLYMER DOSAGE CONSIDERATIONS IN THE POLYELECTROLYTE
PRECIPITATION OF PROTEIN

9

Polymer Dosage Considerations in the
Polyelectrolyte Precipitation of Protein

K. M. Clark and C. E. Glatz
Department of Chemical Engineering
Iowa State University
Ames, lA 50011

Biotech. Prog. 4:241-247 (1987)

10

ABSTRACT

The properties of aggregates formed by the precipitation of egg
white proteins by carboxymethyl cellulose (CMC) were examined.

Both the

final level and the number of incremental additions of the polyelectrolyte
were varied.

The protein and lysozyme recoveries, particle zeta

potential, and protein composition of the precipitate were found to vary
with only the final CMC level.

Particle size and size distributions were

dependent on both the polymer dosage and manner of addition.

Overdosed

systems, or systems in which the CMC dosage exceeded that required for
optimal total protein removal, produced the smallest particles with size
increasing as the number of incremental polymer additions increased.
Optimally dosed systems produced the largest particles.
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INTRODUCTION

The recovery of a single protein fraction from a fermentation broth
Is a primary focus of many downstream processing operations. This task
Is complicated by the low concentration of the protein In the broth, and
the difficulty In separating It from other blomolecules In solution.
Furthermore, severe recovery conditions .must be avoided since It Is often
necessary to retain the activity of the protein.
Precipitation Is an attractive scheme for the recovery of proteins
from dilute solution since It serves as both purification and concentra
tion steps, reducing the volume of material that must be processed.
Isoelectric precipitation [1], saltlng-out [2], and precipitation by the
addition of non-lonlc polymers [1] have been successfully employed In
protein recovery processes, but the fractionation potential Is limited.
Protein precipitation by polyelectrolytes offers several advantages.
Low polyelectrolyte dosages are effective, and several authors [3-10]
have reported high protein removal levels.

Although the cost of the

polyelectrolyte may be high, the feasibility of polyelectrolyte reclama
tion and recycling has been demonstrated [4, 8].

Fractional precipitation

may be accomplished through careful selection of precipitant and
precipitation conditions [3, 8, 11, 12].

Sternberg and Hershberger [8]

noted that up to 92.3% of enzyme activity may be retained following
precipitation.

However, Gekko and Noguchl [13] have Indicated that protein

may be more susceptible to thermal denaturatlon following the addition of
ionic polysaccharides.
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Many factors affect protein removal and fractionation efficiencies by
polyelectrolyte precipitation.

Increased Ionic strength leads to lower

protein removal efficiencies [6, 7, 9]. The success of fractionation Is
highly dependent on the process pH [3, 4, 5, 8, 9].

The charge density

and the molecular weight of the polyelectrolyte will affect protein
recovery levels [5-8]. Several Investigators [5-9] have Indicated the
Importance of careful control of the polyelectrolyte dosage.

Typically,

protein removal Increases with dosage to an optimum, then decreases
with further polymer addition.

In non-protein systems, the importance

of the manner of polymer addition has also been noted.

Walles [14] found

that flocculatlon of clay suspensions by poly (sodium styrene sulfonate)
improved when the number of polymer additions was increased.
The formation of a protein-polymer aggregate is the result of a twostage process:

formation of a solid phase or complex and aggregation of

this complex into floes. The solubility of the protein-polymer complex is
expected to depend on three factors: excluded volume, salting out, and
protein/polymer interactions resulting from electrostatic, hydrophobic, or
hydrogen bonding [13].
in the present work.

Electrostatic forces are expected to be dominant

Floe formation may proceed through a number of

mechanisms, including patching [15-18], bridging [19-21], or charge
neutralization [22, 23].
In this work we have investigated the effect of polyelectrolyte dosage
and addition on the formation of protein-polymer precipitates using egg
white protein and carboxymethyl cellulose.

Protein solubility and lysozyme

activity were determined and several properties of the proteinpolyelectrolyte aggregates were evaluated:

zeta potential, protein
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composition and fractionation, particle size, and size distribution.
Through the particle size and particle size distribution behavior with
polymer dosage and addition, the role of the polyelectrolyte in floe
formation was studied.

Characterization of the particles resulting from

staged addition of CMC to egg white proteins allowed insight into the
mechanism of aggregate formation.

14

MATERIALS AND METHODS

Materials
The carboxymethyl cellulose used was a commercial sample from
Hercules Inc. (Wilmington, DE) of average molecular weight 250 000 daltons
and degree of substitution of 1.2.

The dried egg white solids, type

P-110, were obtained from Hennlngsen Foods, Inc. (White Plains, NY).
Micrococcus lysodelktlcus (ATCC 4698) was from Sigma Chemicals
(St. Louis, MO). All other chemicals were reagent grade.

Egg White Preparation
Fifteen grams of egg white solids were suspended In 100 ml delonlzed
water. The pH was adjusted to 4.5 with 5 M acetic acid.

Upon solubiliza

tion the mixture was diluted 1:1 with pH 4.5, I = 0.02 M acetate buffer.
The solution was centrlfuged at 20 000 g for 45 minutes to remove
Insolubles. Immediately prior to precipitation, the egg white was
filtered through a 0.45 ym capsule filter.

Final solution conditions

were pH 4.5, I = 0.07 M and 55 mg/ml protein.

Earlier work had indicated

that at pH 4.5 lysozyme removal levels are high, little ovalbumin, which
comprises 54% of egg white protein Is precipitated, and sufficient
particles are produced for particle size distribution analysis.

The

selective precipitation of lysozyme (pi 10.7) [24] by CMC is expected
since the primary basis for fractionation appears to be the pi or the net
charge of the protein species.
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Precipitation
The precipitation was carried out at room temperature using a 400 ml
baffled batch reactor.

Agitation was provided by a 45° pitched, 6-bladed

turbine at 200 rpm. Total mixing time was 30 minutes, with a mean shear
rate of 45 sec

CMC was prepared as a 0.35% solution in pH 4.5,

I = 0.07 M acetate buffer and injected into the reactor from a syringe
over a period of 5-15 seconds. On the basis of earlier small-scale
solubility studies, three dosage levels were investigated: optimum,
corresponding to maximum total protein removal, underdosed, and overdosed.
The CMC/total protein mass ratios were 0.04, 0.02, and 0.10, respectively,
for these conditions. Identical total protein recoveries were obtained
at dosage levels of 0.02 and 0.10.

To examine the effect of polymer

addition, CMC was added in increments to reach the final dosage level.
One, two, and three-stage polymer additions were investigated.

For

one-stage additions, the entire polymer aliquot required to reach each
of the three dosage levels was added at the start of the precipitation.
Mixing time was 30 minutes. Two, 2-stage additions were investigated.
For the first stage, sufficient CMC was added to reach the underdosed
level, followed by 15 minutes of mixing. The second polymer aliquot was
then added, to attain either optimum or overdosed levels, again followed
by 15 minutes of mixing.

The three-stage polymer addition was performed

by adding three polymer allquots, to reach the underdosed, optimum, and
overdosed levels, successively.
10 minutes of mixing.

Each polymer addition was followed by
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Protein and Lysozyme Assays
Total protein determinations were accomplished using a modified
biuret assay [25]. Initial protein concentration was that of the egg
white solution. Final protein concentrations were determined on the
supernatants of slurry allquots centrifuged at 50 000 g for 45 minutes.
Lysozyme concentration was found by following the rate of lysis of a
suspension of M. lysodelkticus cells [26].

Small-Scale Solubility Studies
Initial, small-scale, solubility studies were conducted in order to
select dosage conditions for the 400 ml polymer addition and dosage
studies.

Egg white solution, prepared as described earlier, and pH 4.5,

I = 0.07 M acetate buffer were pipetted into a centrifuge tube. CMC was
added as a 0.35% solution to dosage levels (CMC/total protein mass ratios)
of 0 to 0.2. Mixing was by Inversion.

Total solution volume was 25 ml.

The slurries were centrifuged at 50 000 g for 45 minutes.

Supernatant

protein and lysozyme concentrations were determined by methods described
earlier.

Particle Size Distributions
Particle size distributions were obtained using a Model TA II Coulter
Counter (Coulter Electronic, Hialeah, FL), equipped with a 70 pm aperture
tube and calibrated with 3.14 ym latex particles.

A 500-fold dilution of

the precipitated slurry into pH 4.5, I = 0.07 M acetate buffer was
performed to prevent further aggregation and to Insure that the concentra
tion index was under 5%.
sample.

Three counts were determined for each diluted
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Zeta Potential Measurements
Zeta potentials were determined using a Zeta-Meter System 3.0
(Zeta-Meter Inc., Long Island City, NY).

A 5 ml slurry aliquot was

diluted to 50 ml with pH 4.5, I = 0.07 M acetate buffer. The zeta
potential reported is the average of 20-25 measurements.

The applied

voltage was 75 V DC for all determinations except the underdosed trial
for which 100 V DC was used. Measurements were performed as rapidly as
possible to minimize errors due to thermal convection.

SDS-PAGE
SDS-PAGE was performed on a 10% gel following the procedure of
Laemmli [27]. Gels were stained and fixed overnight in a 5:2:12
isopropanol-acetic acid-water 0.06% Coomassie blue solution. The gel was
destained in a 10% acetic acid solution and photographed.

Complex Composition
The protein content of the precipitate was determined after collecting
the precipitate by centrifuging at 5000 g for 20 minutes.

The precipitate

was washed in a pH 4.5, I = 0.07 M acetate buffer, recentrifuged, and
freeze-dried.

A portion of the precipitate was then weighed and dissolved

in 40 ml of deionized water adjusted to pH 12 with 2 M NaOH. The protein
concentration was determined by biuret assay.
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RESULTS AND DISCUSSION

Solubility
The results of the small-scale batch solubility studies are shown in
Figure 1. Although the maximum total protein removal is only 36%, lysozyme
is nearly quantitatively precipitated, with an optimum removal level of
96%. The maximum precipitation level occurs at a CMC/total protein mass
ratio near 0.04 for both lysozyme and total protein removal, and addition
of polyelectrolyte beyond this level results in lower removals of both.
This resolubilization appears to be characteristic of protein precipitation
by highly ionized polyelectrolytes [5-9]. Hidalgo and Hansen [5] have
explained this as the result of the redistribution of protein on available
CMC and the subsequent breakdown, but not dissociation of the complex.
This figure also shows that the better mixing conditions in the
incremental addition studies improves the selectivity for lysozyme removal.
The effect of dosage remains the same and the number of polymer additions
had no effect on recovery.

The method of contacting has been observed to

be important for other protein [1, 28] and polyelectrolyte [29] precipita
tions.
After redissolving these precipitates, no loss of lysozyme activity
was observed.

Zeta Potential
The zeta potentials of the aggregates are shown in Figure 2. As
polymer dosage is increased, the zeta potential of the aggregate becomes
more negative, indicating a higher proportion of anionic groups of CMC in
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MASS CMC/MASS PROTEIN
Figure 1. Total protein and lysozyme removals from egg white by CMC
precipitation. Closed symbols indicate total protein removals;
open symbols indicate lysozyme removal. •,• indicate
results of small scale solubility studies. # ,O indicate one
stage polymer addition. A , ù indicate two stage polymer
addition. •, v indicate three stage polymer addition.
Standard errors of treatment means: 0.74% and 0.48% for small
scale total protein and lysozyme removals, respectively; 1.2%
and 4.1% for total protein and lysozyme removals for staged
polymer addition
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POLYMER DOSAGE (MASS CMC/MASS PROTEIN)
Figure 2. Zeta potential and protein content of protein-CMC precipitates
as a function of polymer dosage. 0 One-stage polymer addition;
6 Two-stage polymer addition; O Three-stage polymer addition.
Standard errors of treatment means: 0.18 mV for zeta potential,
5.1% for protein content
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the complex.

At a constant final dosage level, incremental polymer

addition had no effect on the zeta potential.

Complex Composition
The protein content of the precipitate is shown in Figure 2.
and salt are the other components.

CMC

Protein content decreases with

increasing CMC dosage and is unaffected by number of CMC additions. This
is consistent with both the solubility and the zeta potential behavior
with dosage.

Although total protein removal levels were the same (23%)

for both under- and overdosed trials, the protein content of the
precipitate decreases from 95% for the underdosed to 71% for the overdosed
conditions.

This, along with the change in zeta potential from +10.4 mV

to -22.6 mV indicates the incorporation of more polyelectrolyte in the
complex as polymer dosage is increased.
It is likely that additional polymer is distributed throughout the
solid, rather than merely on the surfaces of the primary particles.

On

the basis of a 400 ml suspension of 10 pm particles composed of a loose
random packing [30] of primary particles 0.6 ym in diameter, and a specific
polyelectrolyte adsorption of 1 x 10 ^ g polyelectrolyte adsorbed/m^
surface area [31], only 1.4 x 10 ^ g of polyelectrolyte is required to
saturate the available surface area in the flox.

This is far less than

the 0.09 to 0.35 g of CMC added.

SDS-PAGE
SDS-PAGE analysis of the egg white solution, supernatants, and
resolubilized precipitates is shown in Figure 3. Fractionation of egg

Figure 3. SDS-PAGE analysis of egg white, supernatants and resolubilized precipitates of CMC-protein
complexes formed at pH 4.5 and I = 0.07 M. EWS: Egg white solution; SUP: Supernatant;
PPT; Precipitate. -, 0, and + indicate underdosed, optimally dosed, and overdosed
treatments, respectively. 1, 2, and 3 indicate the number of Incremental additions of
polymer
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white by CMC precipitation is evident and confirms the electrostatic basis
for selectivity. Proteins with high pi's such as lysozyme and conalbumin,
with pi's of 10.7 and 6.6 [24], respectively, are precipitated. The only
major protein fraction not largely precipitated is ovalbumin with a pi of
4.6 [24], only slightly above the precipitation pH of 4.5.

Particle Size
The number concentration (// particles/volume solution) data obtained
from the Coulter Counter analyses were converted to number density
(# particles/volume • channel width). In order to characterize the
particle size distribution, a characteristic diameter, the D^ was chosen.
Q

The D

JQ

is the particle diameter at which 50% of the total particle volume

is in larger particles.
A plot of DgQ as a function of polymer dosage and addition is shown
in Figure 4. Several points should be noted.

First, Duncan's multiple-

range test indicates that all six treatments produced statistically
different D^^'s, indicating a significant effect of both polymer dosage
and manner of addition on particle size. The largest particles are
obtained at an optimum dosage level, regardless of manner of polymer
addition. This corresponds to the aggregates with the lowest zeta
potential.

The smallest particles result from overdosed conditions, again,

regardless of number of polymer additions.

At overdosed conditions,

particle size clearly Increases with Incremental addition of polyelectrolyte.
A schematic of the proposed aggregation process is shown in Figure 5.
Three levels of aggregation may occur In floe formation.

Fractionation
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COMPLEX

POLYELECTROLYTE PROTEIN

PROTEIN-ELECTROLYTE
COMPLEX
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Figure 5.

PRIMARY PARTICLES

Schematic of a proposed aggregation process for oppositely
charged protein and polyelectrolyte resulting in the
formation of floes
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occurs during electrostatic association of protein and polyelectrolyte.
These Insoluble complexes aggregate to form primary particles.

Finally,

the aggregation of the primary particles Into floes may result from a
charge neutralization, patching, or bridging mechanism.
The Increase In particle size of overdosed aggregates with incremental
addition of polymer at a constant final dosage level (Figure 6), may be
Interpreted In terms of the bridging theory.

Incremental addition results

in the presence of preexisting particles on which polyelectrolyte
Increments after the first may adsorb.

The surface adsorption would

provide a chance for bridging to Improve the otherwise small extent of
floe formation at these conditions.

Particle Size Distribution
Particle size distributions for the six polymer dosage and addition
conditions investigated are shown in Figures 6-8.
indicate three distinct distributions:

Qualitative comparisons

that resulting from the one-stage

optimally dosed treatment shown in Figure 7, the one-stage overdosed
treatment shown in Figure 8, and the remaining treatments, shown in Figures
6-8. It appears that upon formation of the initial particle size
distribution (for this work that of the underdosed treatment), further
additions of polymer may shift the curve, indicating a growth or decrease
in particle size, but do little to change the shape of the curve itself.
While Figure 4 did not show staged addition to assist growth at the
optimum dosage condition. Figure 7 clearly shows that it does result in
fewer small particles. The decrease in particle size (from optimum dosage
levels) and maintenance of the Initial shape of the size distribution, seen
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in Figure 8 for the overdosed treatments would result from erosion of
primary particles from the floe surface.

Erosion Is promoted by adsorption

of excess polyelectrolyte and the resulting electrostatic repulsion.
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CONCLUSIONS

The effects of CMC dosage level and addition on the precipitation of
egg white proteins at pH 4.5 and 1 = 0.07 M are summarized below:
1.

At a CMC/protein dosage level of 0.04, removal levels of 28% and
96% for total protein and lysozyme, respectively, were obtained.

2.

No lysozyme activity was lost as a result of the precipitation
process.

3.

At a given final dosage level. Incremental polymer addition had
no effect on lysozyme or total protein solubility, fractionation,
aggregate zeta potential, or the protein content of the
precipitated complex.

4. Both the zeta potential and the protein content of the precipitate
decreased with Increased polyelectrolyte dosage.
5. Particle size was affected by both the polymer addition and
dosage level:
a.

Largest particles, with a D^ of 11.4 ym, were obtained by
Q

one-stage polyelectrolyte addition to an optimal dosage
level, while one-stage polymer addition to an overdosed
condition produced the smallest particles, with a

of

3.34 pm.
b.

For overdosed treatments, the increase in particle size with
incremental polyelectrolyte addition is attributed to the
enhanced bridging opportunities available to newly added
polyelectrolyte.

33

c. Two-stage addition to an optimum dosage level produced fewer
small particles than one-stage addition to the same final
dosage level although the

for the two-stage addition

was slightly smaller.
Comparisons of particle size distributions Indicate that
incremental polymer additions do little to change the form of
the distribution, and serve only to shift the distribution to
larger or smaller sizes.

Particle growth may occur by the

addition of newly formed primary particles onto the surface of
existing floes, while decreases in aggregate size may be due to
the erosion of primary particles from floe surfaces after
adsorption of newly added polyelectrolyte.
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ABSTRACT

The effects of pH, ionic strength, and polymer dosage on the
precipitation of lysozyme and ovalbumin by CMC was investigated.
Fractional precipitation was examined by performing the precipitations on
binary mixtures of the proteins.

Only proteins of opposite charge were

precipitated by CMC, and fractionation could be achieved through control
of both the pH and dosage levels. Protein recovery was enhanced by low
ionic strength levels or selection of pH levels at which the proteins
were highly charged.

While protein recovery initially increased with

polymer dosage, beyond an optimum dosage level, protein recovery was
reduced.
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NOMENCLATURE

a

Activity

C

Molar concentration

R

Ideal gas constant

T

Temperature

X

Dimensionless parameter (equations A15 and A16)

Z

Net charge

a

Dimensionless parameter (equations A15 and A17)

3

Dimensionless parameter (equations A15 and A19)

G

Dimensionless parameter (equations A16 and A18)

y

Electrochemical potential

V

Molar volume

(l>

Volume fraction
Dimensionless volume fraction of protein (equations A15, A20, and
A21)

X

Interaction parameter

Y

Electrostatic potential

Superscripts
j

Phase

L

Liquid

S

Solid

Subscripts
A

Anion

C

Cation

1

Species

o

Solvent

P

Protein

X

Polyelectrolyte (CMC)
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INTRODUCTION
Interactions between proteins and polyelectrolytes have been used to
fractionate protein solutions [1-3], recover whey proteins [1, 3-6], and
Isolate serum glycoproteins [7] and recA protein [8]. If the potential
for protein recovery and purification from aqueous solution by precipita
tion with polyelectrolytes Is to be fully exploited, several factors must
be evaluated. The efficacy of the protein precipitation as well as the
characteristics of the resulting precipitates depend on several variables.
Earlier work [9] has shown that the size of the precipitate, but not
the protein recovery, depends on the method of addition of the polymer to
the protein solution.

Mixing conditions In the precipitation vessel also

affect the precipitate size [10]. The solubility of the protelnpolyelectrolyte complex depends strongly on the solution conditions—pH,
Ionic strength, polymer dosage level, and the nature of the protein and
polyelectrolyte.

These factors are discussed below:

Protein
At the same solution conditions, different proteins display distinct
solubilities with polyelectrolytes. The strength of the protein-polymer
interaction depends on both the number and distribution of charged sites
on the protein surface [11].

At pH 3.4 and ionic strength 0.01 M, carboxy-

methyl cellulose (CMC) precipitated nearly 90% of the 3-lactoglobulin from
whey but less than 30% of the protein from a BSA solution [12],
This difference in solubility has been exploited to fractionate
protein solutions. Polyacryllc acid was used to partially fractionate a
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mixture of four enzymes [2]. Whey protein fractions have also been
Isolated by precipitation with CMC [3],

Polyelectrolyte
The nature of the polyelectrolyte plays a major role In the
precipitation efficiency.

Both the charge on the polymer as well as the

charge density are Important [5, 6, 12, 13].

Sterlc factors, or the

flexibility of the polyelectrolyte may also Influence the effectiveness
of the precipitation [6].

Solution pH
Several Investigators [2, 12, 13] have Indicated that the solution
pH Is an Important determinant In the precipitation efficiency, and the
optimum pH level will vary with both the protein [12] and the poly
electrolyte [5]. However, the optimum pH for precipitation of protein
by CMC did not change with the degree of substitution (DOS) of the CMC
[12]. This dependence is expected for the formation of an electrostatic
complex. Changes in pH will affect the charge on the polyelectrolyte and
the charge distribution on the protein.
Selective precipitation of whey protein has been accomplished by pH
shifts of protein/polyelectrolyte mixtures.

g-Lactoglobulln is almost

quantitatively precipitated by CMC at pH 4.0 but very little a-lactalbumin
is precipitated at this pH level.

Following removal of g-lactoglobulin,

the pH is reduced to 3.2 to allow recovery of a-lactalbumin [1].
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Ionic Strength
The reduction In proteln-polyelectrolyte interactions with Increasing
ionic strength has been noted by several investigators [1, 6, 11, 12], and
gives further evidence that the complex results from electrostatic
Interactions. Hill and Zadow [5] noted that the decrease in precipitation
varied with the polyelectrolyte used, and it has been reported that the
effect of high ionic strength on precipitation of whey protein by CMC could
be alleviated by using a highly substituted CMC [1, 6, 12].

Dosage
The changes in protein removal with polyelectrolyte yields a
characteristic curve:

removal Increases with dosage to an optimum, then

decreases with further addition of polymer [6, 12, 13]. The dosage
requirement depends on the nature of the polyelectrolyte, the degree of
ionization and the protein [1-3, 5, 12].

Sternberg and Hershberger [2]

have used the different affinities of proteins for polyacrylic acid to
fractionate a mixture of four enzymes by successive addition of polymer.
The work presented here will show the effects of pH, ionic strength,
and polymer dosage on the precipitation and fractionation of proteins by
CMC.

Two proteins were used:

ovalbumin and lysozyme.

Precipita

tion was performed on solutions of proteins, singly and in binary
mixtures.
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MATERIALS AND METHODS

Materials
The CMC was a commercial sample supplied by Hercules Inc.
(Wilmington, DE) of average molecular weight 250 000 Da and a degree of
substitution of 1.2. Lysozyme and ovalbumin were from Sigma Chemicals
(St. Louis, MO).

Precipitation
The pH and ionic strength conditions for the precipitations are listed
in Table 1. The pH levels were selected to allow investigation of the
effect of protein charge on precipitation.

The effect of pH on the charge

of ovalbumin, lysozyme, and CMC is shown in Table 2.
proteins and binary combinations were examined.

Solutions of single

For all runs, the total

protein concentration was 1 mg/ml. Preliminary dosage runs were performed
to determine the effect of polymer dosage on protein removal.

From these

data an optimum polymer dosage level was determined. Precipitations were
then repeated at the optimum dosage conditions.
levels are listed in Table 3.

These optimum dosage

Identification of the optimum dosage levels

is Important since earlier work [9] has indicated that the largest
particles are produced at optimum dosage levels.
The precipitations were performed in 32.4 ml (dosage screening runs)
or 246 ml (optimum dosage runs) volumes.
to the protein solution.

CMC was added as a 0.1% solution

Mixing was provided by a magnetic stirrer.

Each

dosage screening sample was mixed for 3 minutes, then aged for 60 minutes
in a shaker.

The optimum dosage runs were mixed for 45 minutes.

The

Table 1. Summary of pH and ionic strength levels investigated in the precipitation of lysozyme and
ovalbumin by CMC

Protein system

Ovalbumin

pH

4.2

Ionic strength (M)

0.02
0.04
0.05

0.06
0.07

Lysozyme

4.2

5.8
7.5

Lysozyme-ovalbumin

4.2
5.8
7.5

0.02
0.07
0.10
0.12
0.15
0.02
0.07
0.02
0.07

0.02
0.07
0.02
0.07
0.02
0.07

Table 2. The effect of pH on the net charge of ovalbumin, lysozyme, and CMC

pH
Ovalbumin [14]

Net charge
Lysozyme [15]

4.2

+6

+11

5.8

-12

+7.5

-1489

7.5

-17

+5.8

-1550

CMC [16]

-1047

Table 3. CMC dosage levels for the maximum total protein removals for the precipitation of ovalbumin
and lysozyme as a function of pH and ionic strength

Protein

pH

Ionic strength
[M]

Maximum total
protein removal

Ovalbumin

4.2

0.02
0.04
0.05
0.06
0.07

86.44
82.05
78.27
60.50
47.19

0.1222
0.1421
0.1448
0.1447
0.1366

22.52
18.38
17.21
13.31
11.00

Lysozyme

4.2

0.02
0.07
0.10
0.12
0.15
0.02
0.07
0.02
0.07

99.67
98.32
96.21
92.10
81.52
99.49
96.68
99.04
92.61

0.2241
0.2267
0.2370
0.2287
0.2238
0.1566
0.1847
0.1389
0.1707

81.69
79.66
74.56
73.97
66.90
55.94
46.09
46.65
35.49

5.8
7.5

CMC dosage
g CMC
g protein

Extent of
charge
neutralization (%)

.50

slurries were then centrlfuged at 20 000 g for 45 minutes.

The

supernatants were recovered.

Analysis
Protein recoveries for the supernatants from the binary precipitations
were determined by ion-exchange-HPLC using an Âquapore CX-300 weak cation
exchanger. The proteins were eluted by a linear ionic strength gradient
from 0.05 to 0.65 M at pH 6.0, and detection was performed by
absorption at 280 nM.
Supernatants of precipitations from single-component systems were
analyzed by 280 nm absorbance.
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RESULTS AND DISCUSSION

Single Component Systems
Precipitations were performed on solutions of lysozyme and ovalbumin.
For lysozyme, the effects of pH from 4.2 to 7.5 were Investigated, and
Ionic strength ranges from 0.02-0.15 M.

For lysozyme, the effects of

pH values from 4.2 to 7.5, and Ionic strengths from 0.02-0.15 M were
Investigated.

Polymer dosage
The effect of polymer dosage on the recovery of proteins by
precipitation with CMC Is evident In Figure 1. For both ovalbumin and
lysozyme, protein precipitation Increases with polymer dosage at low
dosage to an optimum removal level.

If the polymer dosage is increased

beyond this optimal level for the ovalbumin precipitation, protein
removal decreases. This is most likely the result of an electrostatically
stabilized suspension.

At high polymer levels excess polymer is

Incorporated into the protein-polyelectrolyte complex, resulting in a
soluble complex with a significant net charge.

Because of this charge,

aggregation of the complexes into Insoluble primary particles and floes is
hindered, and protein recovery is reduced.
This resolublllzatlon is not observed for the precipitation of
lysozyme at pH 4.2.

However at the lower pH level, where lysozyme has

a lower net charge, the characteristic resolublllzatlon is observed at high
dosages.
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£H
The results of lysozyme precipitation at pH 4.2, 5.8, and 7.5 are
shown in Figure 2.

As expected, protein removal levels decrease as the

pH is increased, reducing the net charge on the protein. This is evidence
that the precipitate formation is the result of electrostatic interactions.
The optimum dosage levels are also affected by the pH level.

Although

lysozyme recovery was nearly quantitative, the polymer requirements
decrease with the net charge on the protein.

Calculations indicate that

for the precipitation of lysozyme at pH 4.2, an electrostatically neutral
complex is formed.

These calculations are summarized in Table 3.

Note

that the extent of charge neutralization is reduced by increased ionic
strength, and that this effect is most pronounced for proteins with low
net charges.

Ionic strength
If the protein-polymer complex is formed as a result of electrostatic
interactions, increased ionic strength should serve to reduce the
attraction between the oppositely charged macromolecules, and decrease the
precipitation efficiency.

This is observed at pH 4.2 in Figures 3 and 4

for lysozyme and ovalbumin, respectively, and in Figure 5 for lysozyme at
pH 5.8 and 7.5.
These data indicate that an interaction exists between pH and ionic
strength, since highly charged proteins are less affected than proteins
with a lower net charge by Increases in ionic strength.
As indicated In Table 3, Increased ionic strength not only reduces
the maximum precipitation possible, but also increases the polymer dosage
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Figure 3.

Effect of ionic strength on the precipitation of lysozyme
CMC at pH 4.2. a 0.02 M;• 0.07 M; O 0.15 M
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Effect of ionic strength on the precipitation of lysozyme by
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requirement for optimum precipitation.

This may be a result of the

shielding effect attributed to high levels of counterlons around charged
macromolecules.

A higher concentration of polymer-lonlc groups Is

required to displace the counterlons around the protein molecule.

Binary Solutions of Proteins
The effect of precipitation conditions on the selective precipitation
of a target protein species (lysozyme) from a binary mixture of ovalbumin
and lysozyme was investigated. The results are discussed below.

Polymer dosage
Figure 6 shows the precipitation of protein from a binary solution of
ovalbumin and lysozyme at pH 4.2 and ionic strength levels of 0.02 and
0.07 M. At this pH level both proteins are positively charged; lysozyme
has a net charge of 11, and ovalbumin, 6.
dosages, only lysozyme is precipitated.

Note that at very low polymer

Only when virtually all the

lysozyme is removed from solution does ovalbumin begin to precipitate.
This indicates a selectivity of the polymer for the higher charged protein
species.

pH
The effect of pH on protein fractionation by polyelectrolyte
precipitation has been noted by several authors [1, 2, 12], and is
demonstrated in Figure 7 for precipitation at pH 5.8 and 7.5.
pH levels, only lysozyme is positively charged.

At these

As expected only lysozyme

is recovered in the precipitate, and no ovalbumin is removed.
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One concern In using pH to control the fractionation efficiency of
polymer precipitations is that the recovery of the target proteins may
be affected by the presence of the oppositely charged (non-target) protein
apecies.

For the conditions investigated in this work, no interference

was noted, as shown in Figure 8. This may be a result of the low total
protein concentrations investigated in this work, or simply the result of
the lower charge density of the negatively charged proteins relative to
the CMC.

Ionic strength
The effect of ionic strength on the fractionation efficiency for a
binary mixture of proteins is the same as that for single component
solutions of protein:

increased ionic strength reduces the maximum

precipitation possible.

However, because the effect of ionic strength

is less severe for highly charged protein, this effect may be exploited
to secure greater purification, as shown in Figure 6.

Since the increase

in ionic strength from 0.02 to 0.07 M served to reduce the ovalbumin
recovery, but not that of the higher charged lysozyme, higher purification
factors (Table 4) were achieved at the higher ionic strength level.

Summary
From the empirical work presented above, several factors are apparent:
The precipitation of proteins by oppositely charged polyelectrolytes is
the result of electrostatic interactions, and is strongly dependent on the
protein charge.

Increased ionic strength reduces the efficacy of the

binding, perhaps as a result of "competition" for macromolecular charges.
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Table 4. Purification factors for the recovery of lysozyme from a 1:1 ovalbumin-lysozyme solution by
precipitation with CMC at pH 4.2 and 0.02 and 0.07 M

Ionic strength
[Ml

Dosage

0.02

0.0432

22.64

00.00

0.0865

66.20

00.00

0.07

Protein removals
Lysozyme
Ovalbumin

Purification factor

• II M

Purity of lysozyme
in solid

100.0
100.0

0.1297

100.0

10.90

9.174

90.17

0.1730

100.0

46.61

2.146

68.21

1.070

51.69

0.2162

93.78

87.65

0.0478

30.52

00.00

0.0956

72.95

00.00

——

100.0
100.0

11.16

91.78

0.1433

100.0

8.96

0.1911

100.0

23.07

4.335

81.25

34.15

2.835

73.93

0.2389

96.82
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Finally from the effect of protein charge on the optimum polymer
dosage requirements, it seems likely that protein must bind to the polymer.
In light of this, protein precipitation can be viewed in two ways:
1. A soluble analogue to ion exchange.

These data were modeled using

a modification of Carlson's [17] model for protein ion exchange.
As with Carlson's data, the model correctly predicted the
qualitative effects of protein charge, ionic strength, and polymer
dosage (for levels not exceeding the optimum), but quantitative
agreement was not achieved.

This modeling effort is outlined

in Appendix A.
2. Multiple equilibrium binding.

If we focus on the binding aspects

of the protein incorporation into the polymer matrix, we may
model this complex formation as a result of the reversible binding
of the protein by the polymer.

A multiple equilibria binding

model may then be used to model the complex formation.
approach will be discussed in the next paper [18],

This
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CONCLUSIONS

Several conclusions can be drawn about the effect of polymer dosage,
pH, and ionic strength on protein recovery and fractionation by
precipitation with CMC:
1. CMC precipitates only oppositely charged proteins, and
preferentially precipitates proteins of higher charge.
2. Precipitation efficiency Increases with protein charge.
3.

At low polymer dosages, protein removal Increases with dosage
to an optimum.

However, with additional polymer addition,

protein recovery is reduced.

This effect is alleviated if the

protein is highly charged.
4. Increased ionic strength levels serve to increase the polymer
dosage requirement, reduce the maximum precipitation possible,
and reduce the effect of precipitation pH on protein recovery.
5.

Fractional precipitation may be achieved through selection of
precipitation pH or polymer dosage.

Fractionation efficiency

can be enhanced by high ionic strength levels, if the target
protein is highly charged.
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APPENDIX A

Modification of Carlson's Model for Protein Ion.Exchange and Application
to the Precipitation of Lysozyme and Ovalbumin by CMC
This work is based on a model developed by Carlson [17] to account
for the effects of protein charge and ionic strength on the ion exchange
of proteins. In our work, we viewed the precipitation process as a
soluble analogue to ion exchange and modified Carlson's work to this
system. To apply his model to this system, it was necessary to make
assumptions concerning the location of the CMC in the two phase system,
as well as about the molar volume of the protein and polymer.

The

modified model is outlined below.

Modification of Carlson's model
The system is composed of two phases, solid (S) and liquid (L), and
three types of ions that can partition between these phases:
1.

Anions, A, of charge Z^.

2.

Cations, C, of charge Z^.

3. Proteins, P, of charge Zp.
A fourth ionic species, the polyelectrolyte or CMC (X), is assumed to be
entirely in the solid phase.
The usual criteria for phase equilibrium are applied to this system:

"A " "A

"c " "c
Up = Pp

(A3)
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For the simple ions (the cations and anions) the electrochemical
potential may be expressed

+ RT In a^ +

where

4»^

(A4)

is the electrostatic potential encountered by the species i in

phase j.
If we assume that the activity coefficients are unity, then at
equilibrium equations A1 and A2 may be expressed:
cS
4»^ - «F® =

In
A

(A5)
A

=|ï In ^.

(A6)

For the polyions, the Flory-Huggins theory [19] is used to describe
the chemical potential.

As with the simple ions, a Donnan term

, is

added to account for the electrostatic contribution to the electrochemical
potential. The Flory-Huggins expression as used here is intended for use
with "relatively concentrated solutions". It is likely to be a valid
expression to describe the electrochemical potential of the macroions in
the solid phase, but may not be a good choice for the liquid phase, where
the concentrations of the macromolecules are low.
Additionally, the Flory-Huggins expressions have been truncated, by
assuming that all of the interaction potentials are zero.
of the form
species.

where

These terms are

Indicates the volume fraction of the

Note that even if the interaction potentials (x^j's) are
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non-zero, these terms may be neglected if the volume fractions of species
i and j are very low.
The Flory-Huggins expressions, modified as described above and
written for the protein, take the form:

"I - "p =

^

[i" 4+(i-»p) -

-

4

Up - Up - RT [in •J+

(^)] + v'

Zp*'' .

(A8)

Noting that

*p + *v +

4

= 1

(A9)

and applying the criterion for phase equilibrium for protein (equation
A3):

= —
1„^ +
Zp

(4 -

- l) +

(AlO)

Finally, since the solid phase should be electrostatically neutral,
we can write a charge balance:

ZpCp + Vc + Vx + Va•" •
Note that the concentrations

(All)

are in mol of i/volume of phase j. They

may be estimated by

(A12)
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S

S
L
LI
and Cg must be In terms of parameters that are known (C^, C^) or can

be measured.

Direct application of the equilibrium criterion to determine

S
S
L
S
Cg (or C^) would require knowledge of Y - Y . The term may be easily
eliminated by combining equations A5 and AlO.

Solving for the concentra

tion of the simple ions in the solid phase, we obtain

(A13)

z; (4

A•

- •p)(^ - 0 ^ ^ 4(^0 "

(A14)

For a system containing only univalent symmetrical ions, equation
A13 and A14 may be simplified, and upon substitution into the charge
balance quation (equation All) along with equation A12 for macromolecules
we obtain

1+

•[(7J

+ a

^ = 0
^ ^ EXP (X)

^ EXP (-X)

(A15)

where

X =

3

a =

^

(A16)

(A17)
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(A18)

(A19)

(A20)

(A21)
*x

Application of the phase equilibria model to protein precipitation
by CMC
A mass balance on protein was used to solve equation A15 and
determine the partition of protein between the solid and liquid phases.
For each combination of precipitation pH (Z^ and Zp), ionic strength (I),
S
s
L
and polymer dosage (C^j a unique value of $ (and $ ) may be determined.
From these results, the predicted protein recovery can be calculated.
Figures A1 and A2 show the protein removals predicted by the model.
Qualitatively, the predicted protein recovery shows the same dependence on
conditions observed experimentally:

protein removal Increases with dosage

to a maximum, lower maximum recoveries are predicted at high pH levels, and
Increased ionic strength serves to reduce the protein recovery and the
effect of pH on removal.
However, direct comparison of experimental and predicted recoveries
shown in Figures A3-A5, indicates three shortcomings of the model:
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Effect of pH on the recovery of lysozyme by precipitation
with CMC at 0.02 M predicted by the modified Carlson model.
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Figure A2.

Effect of pH on the recovery of lysozyme by precipitation
with CMC at 0.07 M predicted by the modified Carlson model.
pH 4.2; —•—• pH 5.8;
pH 7.5
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1. The model predicts a much lower protein recovery than observed
experimentally.
2. The effect of ionic strength on the protein removal predicted by
the model is much greater than that observed experimentally.
3. The model does not predict the increased solubility of the
protein-polymer complex at high polyelectrolyte levels.
It should be noted that this model is based entirely on electrostatic
interactions, and does not account for solubility considerations.

Other

factors may play a significant role in precipitation, including hydrogen
bonding and hydrophobic interactions.
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PART 3.

A MULTI-EQUILIBRIUM BINDING MODEL FOR THE PRECIPITATION
OF PROTEINS BY CARBOXYMETHYL CELLULOSE
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A Multi-Equilibrium Binding Model for the Precipitation
of Proteins by Carboxyraethyl Cellulose

K. M. Clark and C. E. Glatz
Department of Chemical Engineering
Iowa State University
Ames, lA 50011

82

ABSTRACT

The precipitation of ovalbumin and lysozyme by CMC is modeled as a
multiple equilibrium binding phenomena.

The binding is shown to be

negatively cooperative, with the cooperatlvity resulting from electro
static interactions between the oppositely charged protein and polymer.
The binding constant is the product of a charge independent quantity,
the intrinsic binding constant, and a cooperativity function. The ionic
strength and pH dependence of the binding constant is modeled using the
Debye-Huckel theory to account for the electrostatic free energy of the
interacting species.

The intrinsic association constant varies linearly

with ionic strength; the slopes of these plots are the sum of hydrophobic
and electrostatic (ion-dipole) contributions.

For proteins with a high

surface charge density, the ion-dipole interaction dominates, but for
proteins with lower charge density, hydrophobic concentrations become
more important.

The resolubilization of protein-polyelectrolyte

precipitates at high polymer dosage levels is seen to occur at a high
complex charge density.

This residual charge hinders aggregation of the

complexes to form insoluble primary particles, resulting in lower protein
recoveries.
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NOMENCLATURE
a

Distance of closest approach

A

Parameter In Debye-Huckel equation

B

Constant In Debye-Huckel equation

C

Parameter In Debye-Huckel equation

D

Dielectric constant

E

Dielectric increment

F

Parameter In Slnanoglu's expression for free energy of cavity
formation

g

Function of ellipsoid eccentricity

G

Free energy

h

Proportionality constant relating dielectric constant and
polarization

H

Molecular surface area

I

Ionic strength

k

Boltzmann constant

K

Association constant

L

Llgand

M

Ion concentration

n

Total number of binding sites on a substrate molecule

N

Avogadro's constant

R

Ideal gas constant
Radius of species 1

S

Substrate

T

Temperature

V

Molar volume of solvent
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W

Molecular weight

X

Polyelectrolyte

Y

Empirical constant to account for hydrophoblclty

Z

Average net charge on substrate-llgand complex

Z

Net charge

Y

Activity coefficient

e

Electronic charge

0

Fraction of occupied binding sites

K

Debye-Huckel reciprocal length parameter

K®

Correction of macroscopic surface tension

X

Eccentricity

A

Intrinsic salting-out constant

y

Dipole moment

V

Average binding number

p

Charge density

a

Surface tension increment

$

Cooperativity function

i|(

Electrostatic potential

01

Surface tension

0

Intrinsic salting-in constant

V

2

Laplacian operator

Superscripts
o

Standard state

w

Water

t

Uncharged

Subscripts
cav

Cavity formation

el

Electrostatic

1

Species 1

Int

Intrinsic

L

Llgand

o

Low frequency

P

Protein

S

Surface

X

Polyelectrolyte
High frequency

86

INTRODUCTION

The need for protein removal or recovery la encountered In a variety
of applications.

Isolation of an enzyme from plant, animal or microbial

sources [1, 2], removal of protein from process streams to reduce the BOD
[3], and cheesemaklng [4] are all examples of protein recovery/removal
steps.

Recently genetic engineering techniques have been used to produce

recombinant proteins and enzymes. These applications present several
challenges to the downstream processing community [5, 6]:
1. Concentration—Effective recovery of proteins from dilute
solutions.
2. Fractionation—Purification of target protein(s) from complex
solutions.
3.

Maintenance of activity—Protein recovery without denaturatlon or
loss of enzyme activity.

New recovery techniques that are amenable to scale-up must be made
available to meet these requirements.

Precipitation techniques,

because they combine purification with concentration, are attractive
candidates [5, 7].

Affinity and polyelectrolyte precipitation [8-10] may

be used for protein fractionation, without denaturing the protein.
Affinity precipitation, while highly selective, requires specialized
ligands, so may be limited in its applications.

A more widely applicable,

if somewhat less selective, precipitation technique is the use of charged
polymers or polyelectrolytes to precipitate oppositely charged proteins.
High protein recoveries have been reported with low polymer dosages
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[1, 8-16].

No loss of enzyme activity has been noted [10], and If

necessary, the polymer may be reclaimed and recycled [10, 12].
Polyelectrolytes have been widely used as flocculants, the agents that
effect the aggregation of Insoluble particles to enhance solids removal.
These Insoluble particles, often silica or clays, are c. 10-100 nm In
diameter [17]. However In protein precipitation, the particles to be
aggregated are soluble protein molecules c. 10 nm In diameter [18].
Flocculatlon, In the conventional sense, must be preceded by the formation
of Insoluble particles.

The polyelectrolyte Is Involved in both phases

of aggregation:
1.

Insolubllizatlon:

Formation of Insoluble protein-polymer

complexes, or primary particles, c. 600 nm In diameter [19].
2.

Aggregation:

Bridging of these insoluble particles to form

larger floes, c. 5-25 um in diameter [19-20].
A multistage flocculatlon mechanism has been proposed [20] and it is
likely that protein fractionation occurs early in this process—in the
formation of the (soluble) protein-polymer complex.
The aggregation role of the polyelectrolyte has been extensively
studied for non-biological systems. Flocculatlon may occur as a result
of bridging [21, 22], charge neutralization [23, 24], or patchwork
mechanism [25-29]. Although complex formation is the result of electro
static interactions between the polyelectrolyte and protein, the
Insolubllizatlon stage is not well understood.

But if the potential for

protein fractionation by polyelectrolyte precipitation is to be fully
exploited, a better understanding of the mechanism of formation of the
protein-polyelectrolyte complex is necessary.
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Efficiency of protein removal by polyelectrolyte precipitation
depends on several factors:

precipitation pH [8-13], ionic strength

[12, 14], nature of the protein and polyelectrolyte [10, 13-15], other
proteins in solution, and polymer dosage [10, 12-15].

Further, the

fractionation effectiveness is strongly dependent on pH and polymer dosage
[10, 30]. In our earlier work with the precipitation of egg white
proteins by carboxymethyl cellulose (CMC), several points were noted [31]:
1.

Only positively charged proteins were precipitated.

2. Precipitation efficiency increases with protein charge.
3. More highly charged proteins were selectively precipitated.
4. Increased ionic strength serves to reduce the maximum precipita
tion possible and increases the polymer dosage requirement.
5. Protein removal initially Increases with polymer dosage to an
optimum, then decreases with further polymer addition.
This paper presents a model to account for these effects of polymer
dosage, precipitation pH, and ionic strength on proteln-polyelectrolyte
complex formation.

A multi-equilibrium, cooperative binding is assumed,

using the Debye-Huckel theory to account for electrostatic effects.
Resolublllzatlon of the complex with high polymer dosage is attributed to
the formation of a complex with sufficient net charge to hinder the
aggregation of these complexes into primary particles.
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MODEL DEVELOPMENT

One of the characteristic properties of macromolecules is the
reversible binding of a number of small molecules.

Several examples have

r

been cited in the literature: 0^ binding by hemoglobin and myoglobin
[32], binding of protons or metal ions by proteins [18, 32-36], binding
of sucrose by xanthan gum [37], and interaction between amino acids and
isoleucyl-tRNA synthetase [38]. While the traditional view is that of
small, or low molecular weight ligand binding to a high molecular weight
substrate, high molecular weight moieties may themselves act as ligands
by binding to higher molecular weight macromolecules.

Examples of this

include the binding of enzymes to their substrates [32, 36, 37], and
insulin to polyacrylic and polymethacrylic acids [39].
The binding sites on a macromolecule may be independent, that is, the
binding of a ligand at one site has no effect on the binding at another
site on the substrate.

However in biological systems the initial binding

of a ligand to a substrate will often affect subsequent binding. This
interaction may enhance or deter further binding and is termed
cooperativity [32, 33, 36, 40].
This section will develop equations for the cooperative binding of a
ligand to a macromolecular substrate.

As will be discussed later, a single

protein molecule will be defined as a ligand, and a polyelectrolyte
molecule as the substrate.

An electrostatic mechanism will be used to

account for the cooperativity.

Models for the electrostatic interaction

will be presented and the resulting equations for the binding constant will
be summarized.
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The Association Constant, K
Consider a polyelectrolyte substrate, X, with n binding sites for a
protein ligand, P. If substrate-substrate interactions are neglected,
the polymer can exist in n+1 forms—ranging from free to completely bound
substrate.

Because it is generally difficult to determine concentrations

of each of these n+1 species, multi-equilibria binding results are often
expressed in terms of an average binding number, v

Bound

(1)

[X^Total
As outlined in Appendix A, if all the binding sites are identical and
independent, we may write [18, 32]

^ = iVwT

(2)

where K is the association constant for the reaction of a protein molecule
with an unoccupied site on a protein-polyelectrolyte complex of net charge
Z:

unoccupied site + ligand Z occupied site.

(3)

That is,

= [pT^

•

The corresponding free energy change is defined:

AG = AG° + RT In K .

(5)
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This approach offers the advantage that the equilibrium behavior Is
described In terms of a single constant rather than n constants. However,
the assumption that the binding sites are Independent Is rather severe,
and this situation Is not commonly encountered In biological systems.

One

way to account for Interaction between binding sites Is to allow K and
AG^ to vary with the degree of binding, or v.

Tanford [18] proposes

defining K as the product of an intrinsic association constant

and

a cooperatlvlty function, $, to account for the interaction.
If K Increases with v, binding is positively cooperative.

If K

decreases as v increases, the strength of the binding decreases as more
sites are occupied; the binding is negatively cooperative. The form of
the cooperatlvlty function will depend on the nature of the interaction
between the binding sites.

Cooperatlvlty as a Result of Electrostatic Interaction
In this work the cooperatlvlty in binding is the result of electro
static interactions between oppositely charged substrate and llgand.
<J) must be defined to reflect this behavior.

If the average net charge of

the substrate is Z, then |z| will decrease as v increases.

The binding

constant K can be defined [18]:

= \nt

(«)

where

AG° =

+ RT $(Z) .

(7)
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Here

is the intrinsic association constant, or the association

constant when Z = 0. This occurs when all sites are filled (v = n).
$(Z) will increase with |z|. The free energy change corresponding to
is

Additionally $(Z) will be negative for the combination

of oppositely charged substrate and ligand and positive for the
combination of substrate and ligand of the same sign.
Tanford [18] proposes that $(Z) is directly related to the
electrostatic free energy of the substrate,

He considers the

addition of dv moles of ligands of charge Z^ to a mole of substrate.
The addition to each of the n sites is dv/n.

The change in free energy

per mole of sites is dG

dG = [AG° + RT In K]^ .

(8)

To evaluate this expression in terms of the free energy of the substrate,
this combination of the substrate and ligand is performed in four steps
[18], followed by a phase change to yield the solid precipitate;
1.

Removal of the charge Z from the substrate.

The change in free

energy per mole of sites for this step, dG^ is

2. Removal of the charge from the ligands.

dv/n moles of ligands

are to be combined with each mole of sites.

The free energy

change required to remove their charge is dGg,

dGg

AG 1
dv
^ .

(10)
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3.

Combination of the uncharged sites and Uganda.

dG, -

dGg is simply

,

(11)

where AG°' is the standard change in free energy for combination
of the uncharged, rather than charged species.
4.

Restoration of the net charge to the ligand-substrate complex.
The charge to be added to the complex is (Z +
(Z + Z dv)/n to be restored per site.

dv), or

dG^ is

do, =

(12)

or

_
/9AG
•"=4 = (AGel.x(:) +[-^) h
5.

Formation of the solid phase.

•

(">

The protein-polymer complex is no

longer soluble, and precipitates out of solution.

The free

energy change for this phase change is AG^^^

dGg

AG ^ dv
^

(14)

AGcav is the free energy change for the formation of a cavity in
the solvent to allow insertion of the protein molecule.

Here the

negative sign appears for the closing of the cavity due to the
removal of the complex from the solvent.
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Summing the free energy changes for these five stages, we obtain the
overall free energy change per mole of sites for the combination of dv
moles of ligands with one mole of substrate

dG = [- AGgi p + AG ' + RT In K

/9AG A
_J

h-

^^cav]^ •

(15)

Equating with equation 11 we see that

«
AG

/3AG A
= -

+ AC ' -

When Z = 0, AG® = AG^^^.

Zp

.

(16)

If AG^j^(Z) is of the form that BAG^^/SZ is zero

for the fully bound substrate (as is the case for the Debye-Huckel theory,
used below),

AG°i.C = -«=el.P + AG°' " '«cav '
Comparison with equation 7 shows that

*(z)

m
=1^ .
RT

(18)

Since

ET In

In

.

(19)

may be determined by

I"

.[aG,i_, +

- ac*', .

(20)
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Determination of $(Z) and
In order to determine 4>(Z) and In

from equations 18 and 20, an

expression for the free energy of the macromolecule is needed. This is
discussed in Appendix B and an expression for AG, based on the Debye-Huckel
theory [18] and modified by Kirkwood [41] and Melander and Horvath [42]
is given.

From equation BIO, $(Z) is given by

$(Z) = Z Z |A -

f

(21)

For aqueous solutions at 25"C the constants may be evaluated to yield

where

and a are in

The evaluation of

A =

(22)

B = 2.341

(23)

C = 0.3287a

(24)

and I in mol/1.
is more con^lex.

can be determined by

substituting equations BIO and B15 into equation 20;
2
2
RT In K,
= f -AG°' + -|int
I

+ (n-A)IRT .

A-

(25)

1+c/ï.

Summary
If equations 6 and 21 are valid descriptions of In K, we expect In K
to vary linearly with Z, with a slope of -$(Z)/Z and intercept of In
The slopes of these plots of In K versus Z should demonstrate the following
dependence on llgand charge and ionic strength:

96

1. -$(Z)/Z should be proportional to Zp, the llgand charge.
2.

-$(Z)/Z should be negative, for interaction between oppositely
charged llgand and substrate.

3.

For constant llgand charge, (constant pH), -$(Z)/Z should
initially increase with I, then reach a constant value at high
ionic strength levels.

4.

As will be discussed later, the parameter A should be inversely
proportional to the radius of the substrate-llgand complex, and
C should be directly proportional to this radius.

The behavior of In

with ionic strength and llgand charge is

more complex. The behavior of In

with ionic strength will depend on

the relative magnitudes of A, B, C, 0 and A.
In

At constant ionic strength,

2
should vary linearly with Zp , if the effect of Zp on A may be

neglected.
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RESULTS AND DISCUSSION

Under the proper conditions of pH, Ionic strength, and polymer
dosage, oppositely charged macromolecules form insoluble complexes.

The

equations developed in the preceding section will be used to model the
binding and subsequent precipitation of lysozyme and ovalbumin by CMC.
This complex formation is the result of electrostatic interactions.
The first step in the application of the multiple equilibrium
binding model to polyelectrolyte precipitation of proteins is to adopt
definitions of the substrate and ligand for this system.

Two schemes

are possible:
1. Define the protein as the substrate, with each carboxyl group
on the CMC acting as a ligand. Then n could be defined as either
the number of positive charges on the protein or as the net
positive charge on the protein, Z^. If the complex is
constrained to be electrostatically neutral, n = Z^.
2. Define the CMC molecule as the substrate, and the protein as the
ligand. Here again, for an electrostatically neutral complex,
n is equal to the charge on the polyelectrolyte divided by the
net charge on the protein.
In this work the latter system definition was used.

This model

closely approaches the physical situation for which the multi-equilibrium
model was intended—that of a small ligand binding reversibly to a larger
substrate molecule.

If the first definition were adopted, it would yield

smaller values for n, but would require that we treat each carboxyl group
on the CMC molecules as an independent unit.

Certainly this is not
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physically realistic, especially for CMC with high degrees of substitution.
The lack of flexibility of the CMC backbone would introduce additional
complexities into the binding phenomena.
It is somewhat more realistic to visualize a cluster of carboxyl
groups on the CMC molecule that exist in proper orientation and promixlty
to neutralize the net positive charge on a protein molecule.
of n carboxyl groups then constitutes a binding site.

This cluster

It should be noted

that it is not necessary or even likely that the carboxyl groups be on
adjacent glucose units on the CMC chain.
In order to quantify the binding, several assumptions must be made
about the system.

In this work, the fully bound complex is assumed to be

electrostatically neutral. The charges on the polymer and proteins and
the corresponding values of n, at the pH levels investigated in this work
are listed in Table 1. The binding number, v, was calculated from
equation 1. It was assumed that all of the CMC added to the system
precipitated, and consequently, that all of the protein not in the solid
phase was free, or unbound.

Thus the presence of soluble complexes was

not taken into account. The residual charge on the complex, Z, could then
be determined from a charge balance.
In our earlier work [20], we reported the existence of protein-CMC
floes with a positive zeta potential.
low polymer dosage levels.

These floes were prepared at very

Floes with a net positive charge may be formed

If there simply isn't sufficient CMC available in solution to adequately
neutralize all of the positive charges on the protein molecules.

In the

development of this model, this phenomenon is not taken Into account.

Table 1. Charge and estimated surface charge density of proteins and CMC at precipitation pH levels

pH

4.2

Ovalbumin [18, 43]

Z

+6

+11

n

174

95

P„ (nm~^)

5.8

7.5

Lysozyme [18, 44]

0.0627

Z

-12

n

—

p„
's (nm

-0.125

Z

-17

n

—

Pg (nm~^)

-0.178

R(X)

27.6

CMC [45, 46]

-1047

0.206

+7.5

-1489

199
0.141

+5.8
267

-1550
—

0.109

20.6

1000

100

However, this effect may be handled within the context of the model by
redefining the binding site and n.

The charge on a polymer binding site,

may be less than the net charge on a protein ligand, and the resulting
complex would be positively charged. An upper limit for n may be
determined sterically.
The Binding Constant, K
Values for the binding constant, K, were calculated by equation 4.
From electrostatic considerations we expect K to decrease as |z| decreases
(or V increases), and binding to be strongest at low ionic strength, or
when the charge of the protein is the highest. Figure 1 shows In K
plotted versus Z for the precipitation of lysozyme by CMC at pH 4.2 for
ionic strength levels from 0.02-0.15 M. The dependence of K on both Z
and I is as predicted by equations 6 and 21. The Intercept of this plot
(Z = 0) is

and the slope is -0(Z)/Z.

Note that -4>(Z) may also be

calculated from values of In K/K.
Int
The data were modeled as linear and quadratic in Z and the results
are listed in Table 2.

Although a quadratic fit to the data did produce

slightly lower residual sum of squares, the improvement was not signif
icant.

Estimates of In

and -$(Z)/Z, summarized in Table 3, were

determined from linear fits of the data.
Figures 2 and 3 show In K versus Z for ovalbumin precipitation at pH

4.2, and lysozyme precipitation at pH 5.8 and 7.5, respectively. Several
points can be noted.

The values of In K for these systems are lower than

those calculated for lysozyme precipitation at pH 4.2. The values of |z|
are quite high. Finally note the presence of a critical complex charge.
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COMPLEX CHARGE Z
Figure 1. The effects of complex charge and Ionic strength on the
association constant for the precipitation of lysozyme by CMC
and pH 4.2. • 0.02M; + 0.07 M; A 0.10 M; * 0.12M; O 0.15 M
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The effects of complex charge and ionic strength on the
association constant for the precipitation of ovalbumin by
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COMPLEX CHARGE Z
Figure 3. The effect of complex charge, ionic strength, and pH on the
precipitation of lysozyme by CMC. • pH 5.8, 0.02 M; A pH 7.5,
0.02 M; + pH 5.8, 0.07 M; * pH 7.5, 0.07 M

Table 2. F values computed from Type I sums of squares for the fit of the association constant, K,
for precipitation of lysozyme by CMC at pH 4.2 to linear and quadratic models in Z
Ionic strength
I [M]

0..02

Linear^
Î
158.3
2822

0..07

Quadratic^

Pr > F

2
r

0.0505

0.9935

0.0120

0.9888

Pr > F

r2

0.03

0.8888

0.,9937

31.02

0.1131

0..9996

2.,34

0.1869

0..8577

Ï

0,.10

27.,79

0.0033

0..7911

0.12

3..07

0.1403

0.3635

0..37

0.5687

0..4075

0.15

,1..02

0.3589

0.1665

0..11

0.7582

0.1837

^In K =

+ a^.

^In K = a^Z^ + a^Z + a^.

?

Table 3. Estimates of In
Protein

PH

and -$(Z)/Z for the precipitation of lysozyme and ovalbumin by CMC

Ionic strength [M]

*(Z)/Z
Estimate

Standard error

Estimate

Standard error

Lysozyme

4.2

0.02
0.07
0.10
0.12
0.15

8.6724
8.2014
7.9658
7.8091
7.1517

0.10993
0.097593
0.16393
0.22812
0.15685

-0.018458
-0.010321
-0.0045089
-0.0022638
-0.00068459

0.0010536
0.00077736
0.00094582
0.0012230
0.00062538

Lysozyme

5.8

0.02
0.07

-1.2458
1.8390

0.19173
1.0519

-0.023450
-0.0081424

0.00046052
0.0016291

Lysozyme

7.5

0.02
0.07

-2.1053
1.8703

0.48531

-0.018940
-0.0056545

0.00061360

0.02
0.04
0.05
0.06
0.07

-3.8696
0.0067050
1.6176
-8.4897

-0.013439
-0.0074831
-0.0050000
-0.016451

0.0019489
0.0055601
0.0082009

Ovalbumin

4.2

——

__

1.5758
4.6271
6.8927
——

—
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beyond which In K decreases with Increasing |z| and Is Independent of ionic
strength. This point, which occurs near the optimum dosage level [31] will
be discussed below. For values of |z| below this critical charge, the
dependence of In K on Z is qualitatively as expected:

K increases with

IZI. The critical charge appears to be independent of protein species
and ionic strength.

These data were truncated, and only those points below

the critical Z (~Z = -860) used to estimate values for In

and

-$(Z)/Z, tabulated in Table 3.
There are several reasons for uncertainty in these calculations:
1. For systems involving protein precipitation, it has been noted
that solubility can be influenced by mixing effects [47, 48]. For
these calculations it was assumed that a true equilibrium was
reached.
2. It was assumed that all the CMC added to the suspension
precipitated. This is probably a good estimate at low dosage
levels, but may be subject to considerable error at higher
dosage levels [11]. If protein does bind to CMC but the complex
is not precipitated, calculated values of v would be lower than
actual values.

Consequently the actual K values would be higher

than those calculated.
3. Near the critical complex charge, significant error may be
introduced by assuming the In K versus Z data to be linear.
It is evident that the binding of ovalbumin and lysozyme to CMC
exhibits negative cooperativity.

Further, the cooperativity is the

result of the electrostatic interactions between the oppositely charged
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protein and polymer, and depends on both ionic strength and precipitation
pH. These effects are evaluated in the remainder of this paper.
Cooperativity of Binding, -$(Z)
As discussed in the preceding section, the function -$(Z) accounts
for the cooperativity of K. This cooperativity function depends on Z,
I, and protein charge. Table 4 shows the analysis of variance for
-$(Z)/Z.
Dependence of -$(Z) on Z
Values of -$(Z), or In

are given in Appendix C. Figures 4

and 5 show -$(Z) versus Z for the precipitation of lysozyme and ovalbumin.
Equation 21 predicts a linear dependence on the complex charge, Z. Note
that as discussed for the In K versus Z data, a linear fit was acceptable.
This follows directly from the modeling of In K as linear in Z.
Dependence of -$(Z) on protein charge, Z^
Figure 6 shows -$(Z) versus Z^ for both lysozyme and ovalbumin
precipitation at 0.02 and 0.07 M ionic strength.

A linear fit to the

0.07 M data accounted for 84% of the sum of squares.

This behavior

supports the predicted dependence of -$(Z) on Z^, equation 21.

Values of

-$(Z)/Z'Zp at each ionic strength and pH level investigated are listed in
Appendix C.
Dependence of -$(Z) on ionic strength, I
Several models have been proposed to account for the effect of charge
and ionic strength on the electrostatic free energy of charged

Table 4. Analysis of variance of -$(Z)/Z for the precipitation of lysozyme and ovalbumin by CMC at
pH 4.2-7.5 and 0.02-0.15 M giving the probabilities that the independent variables (protein,
pH, and ionic strength) do not affect the response (SAS, Type III sum of squares)
df

F

Pr > F

Protein

1

22.91

0.0001

pH

2

5.45

0.0080

Ionic strength

6

74.78

0.0001

Variable
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Figure 4. The effects of complex charge and ionic strength on the
cooperativity function for the precipitation of lysozyme by CMC
at pH 4.2. • 0.02 M; +0.07 M; A 0.10 M; * 0.12 M; O 0.15 M
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Figure 5. The effects of complex charge and ionic strength on the
cooperativity function for the precipitation of ovalbumin by
CMC at pH 4.2. • 0.02 M; A 0.04 M; O 0.05 M

Ill

0.010-

-0.020-

6

8

10

12

PROTEIN CHARGE Zp
Figure 6. The effects of ionic strength and protein charge on the
cooperativity function for the precipitation of ovalbumin and
lysozyme by CMC. •0.02 M; A 0.07 M
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macromolecules [18, 49, 50]. Our attempts to use the Hermans-Overbeek
equation to model the effect of Ionic strength on protein binding and
precipitation by CMC were unsuccessful. Only the results using the
Debye-Huckel equation are shown here. The expected dependence of the
cooperativity function on I is given by equation 21.
As shown in equations 21-24, only two adjustable parameters are
needed to model the ionic strength dependence of -$(Z): A and C. The
parameter A should be inversely proportional to the radius of the complex
prior to protein binding.

However, it is difficult to clearly predict

the change in CMC dimension because of several complexities;
1. As protein molecules bind to the CMC substrate, the average net
charge is reduced, as is the electrostatic repulsion between
segments. This should allow a decrease in the polymer dimension
in solution.
2. CMC is known to be a rather inflexible molecule, so that the
change In dimension may be rather minor, regardless of the extent
of charge neutralization. Pals and Hermans [51] have Indicated
that there is virtually no change in the dimension of CMC (as
measured by intrinsic viscosity) for ionic strength increases
beyond 0.02 M. Hence, significant dimensional change may occur
only at very low binding numbers.
3. Finally, the radius of the complex may increase with protein
binding simply as a result of the added bulk of the protein. This
is the Debye-Huckel interpretation of the parameters, A and C.
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In this case, it is likely that C will depend on the size of the
protein species.
Using a nonlinear fitting routine [52], equation 21 was fitted to the
data sets outlined in Table 5. Note that all of the data for the
2

conditions investigated may be satisfactorily (r

> 0.92) fit by a single

set of parameters, A and C. The data and the predicted equation are shown
in Figure 7. The values of

and a calculated from A and C by equations

22 and 24 are also listed in Table 5. Note that there is no significant
difference between the two values. This implies that, at the high levels
of binding investigated in this work, the added bulk of the
protein has little effect on the molecular dimension of the CMC-protein
complex. That the data can be successfully fit by equation 22 implies
that R and a are not functions of Z.

Finally, the magnitude of R Is in

good agreement with predicted values of the radius of CMC molecules at
significant levels of shielding [46].
The Intrinsic Dissociation Constant,
As outlined in the previous section,

depends on the free energy

of binding of the uncharged protein and CMC molecule, AG°', the electro
static free energy of the protein molecule,
and lon-dlpole interactions.

p, as well as hydrophobic

A modification of the Debye-Huckel theory

has been summarized and will be used to model the dependence of
and hence

p,

on the precipitation pH and ionic strength (equation 25).

Table 5. Fit of experimental data, -$(Z)/Z«Zp va. I, to equation 21

Protein(s)

Data set
Ionic
strength [M]

pH

^2

A [M
]
Estimate
Standard
error

Ovalbumin

0.02-0.07

4.2

0.997

0.03707

0.0008553

Lysozyme

0.02-0.15

4.2

0.925

0.03001

0.001142

Lysozyme
ovalbumin

0.02-0.15

4.2

0.957

0.03153

0.0008110

Lysozyme

0.02-0.15

4.2-7.5

0.920

0.03696

0.001207

Lysozyme
ovalbumin

0.02-0.15

4.2-7.5

0.928

0.03594

0.001051
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C [M'l/Z]
Estimate
Standard
error

a [&]
Estimate
Standard
error

R [&]
Estimate
Standard
error

60.39

1.560

183.7

4.746

192.6

4.433

76.12

3.081

231.6

9.377

237.9

9.031

72.24

2.005

219.8

6.100

226.4

5.810

61.18

2.176

186.1

6.620

193.2

6.293

62.94

2.015

191.5

6.130

198.6

5.795

116

0.0000

0.0005

0.00 to

0.0015

0.0020

,N N -0.0025<9i|lN

0.0030-

0.0040-

-0.0050-1
0.01

0.04

0.07

0.10

0.13

0.16

IONIC STRENGTH M
Figure 7. The effect of ionic strength on the intrinsic association
constant for the precipitation of lysozyme by CMC at pH 4.2
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Dependence of In

on ionic strength

Equation 25 predicts the ionic strength dependence of In
the equation is valid, the plot of In

If

versus I should be nonlinear

at low ionic strength, becoming linear at high ionic strength levels.
While the slope of the linear portion may be positive or negative,
corresponding hydrophobic or lon-dipole interactions, respectively, it
should be non-zero.
Figure 8 shows In

versus I for lysozyme precipitation at pH

4.2. A linear fit to the data accounted for 9 8 % o f the sum of squares.
From these data it was concluded that the models for AGex
,,p using the
Kirkwood and the Melander and Horvath modifications are appropriate for
this system.

Additionally, it seems that the nonlinear portion of the

equation represented by the Debye term is insignificant. However,
calculations using estimates of A, C, and A show that the Debye and
Kirkwood terms account for only 0.05 and 0.0022 of

respectively.

A and C were estimated as 442 J/mol and 0.229 /R/mol, respectively, and
A was estimated as 0.00289 1/mol.
Figure 9 shows In

versus I for ovalbumin precipitation at

pH 4.2 and lysozyme precipitation at pH 5.8 and 7.5.

Note that while the

data for ovalbumin is linear, the slope of this plot Is +184.4, opposite
in sign from that of lysozyme precipitation at the same pH. This indicates
that 0 > A and that hydrophobic effects dominate. Indeed, comparison of
the surface charge density estimates in Table 1 with the values of the
slopes of In

versus I plots in Table 6 indicates that as the surface

charge of protein decreases, hydrophobic effects become more Important.
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Figure 8. The effect of ionic strength on the cooperativity function
for the precipitation of ovalbumin and lysozyme by CMC.
Squares indicate experimental points; solid line indicates
fitted curve
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Figure 9. The effect of ionic strength on the.intrinsic association
constant for the precipitation of ovalbumin at pH 4.2 and
lysozyme at pH 5.8 and 7.5. O Ovalbumin, pH 4.2;• lysozyme,
pH 5.8; A lysozyme, pH 7.5

Table 6. Estimates of (F-AG°') and (S2-A) for the precipitation of lysozyme and ovalbumin by CMC

Lysozyme

Ovalbumin

pH

(F-AG°*)

(fi-A)

4.2

8.967

-11.2

5.8

-2.480

61.7

7.5

-3.696

79.5

4.2

-7.508

184

0.985

0.999
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Dependence of In

on protein charge,

While the effect of the Debye term appears to be Insignificant, it
predicts that In

will vary with the square of the protein charge.

This is not observed experimentally, perhaps as a result of the lack of
accuracy of the data. The standard errors for In

listed in Table 3,

are large for those complexes of high residual charge.

Additionally,

the pH dependence of A (which varies linearly with the dipole moment, y,
may be significant.
Oncley [53] has noted that the dipole moment is related to the
difference in the low and high frequency dielectric Increments

M' =

Trr

t^o -

•

(26)

Although only limited data are available concerning the effect of pH on
the dipole moment of proteins. It is obvious that a change in the charge
distribution on a protein molecule will affect the value of the dipole
moment. While Oncley notes that virtually no data are available regarding
the pH dependence of E^, Figures 10a and b show the effect of pH on
for ovalbumin and horse serum. Note the dramatically different behavior.
It appears that it is difficult to predict the pH dependence of the dipole
moment of proteins.
In

As a result, it is unlikely that the pH dependence of

will be simply correlated.
Resolublllzation
As noted earlier, the characteristic resolublllzation of proteln-

polyelectrolyte precipitates at high dosage levels is reflected in the
behavior of In K versus Z. In our work we have noted two factors that

Figure 10. The effect of pH on the low frequency dielectric increment, (a) Ovalbumin (adapted from
Shutt [54]). (b) Horse serum y pseudoglobulln solutions (adapted from Oncley [53])

I
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appear to affect resolublllzatlon:

it occurs only with relatively

uncharged proteins and is not seen with highly charged polyelectrolytes
of a molecular weight comparable to that of the CMC used in this work
(250 000 Da) [31, 55]. This resolubilization may be the result of two
effects:
1. Critical protein charge density.

If we envision the physical

phenomena occurring in the formation of the precipitate, it must
include the entrapment of the charged protein molecule within
the domain of the larger CMC molecule. There is, of course,
only limited space available within the CMC domain, and a finite
number of carboxyl groups that must be neutralized.

A small

protein with a large positive charge would be most effective in
this charge neutralization.

A larger and less charged protein

may encounter steric limitations and be less successful in
neutralizing the negative charges on the carboxyl groups. As
we have seen with the lysozyme and ovalbumin precipitation, the
extent of resolublllzatlon Increases as the protein surface charge
density is reduced.
2. Critical complex charge.

Note that for both the ovalbumin and

lysozyme data shown in Figures 2 and 3, the breakdown in the
expected behavior of In K with Z occurs for complex charge values
between -900 and -860.

Experimentally, protein recovery

decreases at these conditions, although the model predicts an
increase in In K with |Z|.

This critical complex charge suggests

that the resolubilization may be the result of aggregation
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phenomena. Recall that the proposed mechanism for formation of
proteln-polyelectrolyte precipitates Included the formation of
the Insoluble primary particles (~ 600 nm) from soluble
complexes. A high residual charge on the complexes will limit
the formation of primary particles, and reduce the size and
volume of the resulting floes.

For a 200% complex with a

residual charge of -860, the calculated zeta potential Is -39 mV.
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CONCLUSIONS
The effect of protein charge and Ionic strength on the precipitation
of ovalbumin and lysozyme by CMC can be modeled through a multiple
equilibrium binding model.
The binding of positively charged protein to CMC is negatively
cooperative—the strength of binding decreases as additional protein
molecules are bound.
The binding constant, K, is the product of an intrinsic binding
constant

and a cooperativlty function -$(Z).

The cooperativlty function Is linearly dependent on both the protein
charge and the average net charge of the protein-polymer complex.
The ionic strength dependence of -4>(Z) is accounted for by the
Debye-Huckel theory.
The intrinsic binding constant is linearly dependent on ionic
strength.
The slope of the In

versus I plots is determined by both

hydrophobic and electrostatic (lon-dlpole) interactions.
lon-dipole interactions are most Important for protein with high
surface charge densities and decrease with the protein charge density.
The onset of resolublllzatlon of protein-polymer precipitates at high
polyer dosage levels occurs at a constant complex charge.

For

complexes of charge greater than the critical complex charge, In K
decreases as |z| increases, and is Independent of ionic strength.

127

LITERATURE CITED
1. Cayglll, J. C., D. J. Moore, and L. Kanagasabapathy. 1983.
Concentration of plant proteases by precipitation with polyacryllc
acids. Enzyme Microbiol. Technol. 5:365-368.
2. Scopes, R. K. 1982. Making an extract. Pages 21-37
Protein
purification: Principles and practice. Sprlnger-Verlag, Inc.,
New York.
3.

Smith, A. K., A. M. Nash, A. C. Eldrldge, and W. J. Wolf. 1962.
Recovery of soybean whey protein with edible gums and detergents.
J. Agrlc. Food Chem. 10:302-304.

4. Scott, R. 1981. Cheese curd making. Pages 38-75 i^ Cheesemaking
practice. Applied Science Publishers, Ltd., London.
5. Bjurstrom, E. 1985. Biotechnology: Fermentation and downstream
processing. Chem. Eng. 92:126-158.
6.

Flaschel, E. 1983. Ultrafiltration for the separation of
biocatalysts. Pages 73-75
A. Fiechter, ed. Advances in
biochemical engineering/biotechnology. Vol. 26. Sprlnger-Verlag,
New York.

7. Glatz, C. E. In press. Precipitation. ^ J. Asenjo, ed.
Downstream processing biotechnology. Marcel Dekker, Inc., New York.
8. Hansen, P. M. T., J. Hidalgo, and I. A. Gould. 1971. Reclamation
of whey protein with carboxymethyl cellulose. J, Dairy Sci. 54:
830-834.
9.

Naeher, G., and W. Thum. 1974. Production of enzymes for research
and clinical use. Pages 47-64 iji B. Spencer, ed. Industrial
aspects of biochemistry. American Elsevier Publishing Co., Inc.,
New York.

10. Sternberg, M., and D. Hershberger. 1974. Separation of proteins
with polyacryllc acids. Blochim. Biophys. Acta 342:195-206.
11. Hill, R. D., and J. G. Zadow. 1978. The precipitation of whey
proteins with water soluble polymers. N. Z. J. Dairy Sci. Technol.
13:61-64.
12. Hill, R. D., and J. G. Zadow. 1978. Recovery of whey proteins
from precipitated complexes of carboxymethyl cellulose and
protein. J. Dairy Res. 45:77-83.

128

13. Hidalgo, J., and P. M. T. Hansen. 1969. Interactions between food
stabilizers and 3-lactoglobulln. J. Agrlc. Food Chem. 17:1089-1092.
14. Zadow, J. G., and R. D. Hill. 1975. The precipitation of proteins
by carboxymethyl cellulose. J. Dairy Res. 42:267-275.
15. Hill, R. D., and J. G. Zadow. 1974. The precipitation of whey
proteins by carboxymethyl cellulose of differing degrees of
substitution. J. Dairy Res. 41:373-380.
16.

Gault, N. F. S., and R. A. Lawrle. 1980. Efficiency of protein
extraction and recovery from meat Industry by-products. Meat Scl.
4:167-190.

17.

lier, R. K, 1971. Relation of particle size of colloidal silica
to the amount of a catlonlc polymer required for flocculatlon and
surface coverage. J. Colloid Interface Scl. 37:364-373.

18. Tanford, C. 1961. Physical chemistry of macromolecules.
and Sons, Inc., New York. 710 pp.

John Wiley

19. Fisher, R. R. 1987. Protein precipitation with acids and
polyelectrolytes: The effects of reactor conditions and models of
the particle size distribution. Ph.D. Thesis. Iowa State
University, Ames, lA. 165 pp.
20.

Clark, K. M., and C. E. Glatz. 1987. Polymer dosage considerations
in polyelectrolyte precipitation of protein. Biotechnol. Prog.
4:241-247.

21. LaMer, V. K., and T. W. Healy. 1963. Adsorptlon-flocculation
reactions of macromolecules at the solid-liquid Interface. Rev.
Pure Appl. Chem. 13:112-133.
22. LaMer, V. K., and T. W. Healy. 1963. The role of filtration in
investigating flocculatlon and redlsperslon of colloidal
suspensions. J. Phys. Chem. 67:2417-2420.
23.

Gregory, J. 1969. Flocculatlon of polystyrene particles with
catlonlc polyelectrolytes. Trans. Faraday Soc. 65:2260-2268.

24.

Sato, T., and R. Ruch. 1980. Stabilization of colloidal dispersions
by polymer adsorption. Pages 122-131
M. J. Schick and
F. M. Fowkes, eds. Surfactant science series. Vol. 9. Marcel
Dekker, Inc., New York.

25. Hogg, R. 1984. Collision efficiency factors for polymer floccula
tlon. J. Colloid Interface Scl. 102:232-236.

129

26.

Gregory, J. 1973. Rates of flocculatlon of latex particles by
catlonlc polymers. J. Colloid Interface Scl. 42:448-456.

27.

Gregory, J. 1976. The effect of catlonlc polymers on the
colloidal stability of latex particles. J. Colloid Interface Scl.
55:35-44.

28. Llndqulst, G. M., and R. A. Stratton. 1976. The role of polyelectrolyte charge density and molecular weight on the adsorption
and flocculatlon of colloidal silica with polyethylenimine.
J. Colloid Interface Scl. 55:45-59.
29.

Mabire, F., R. Audebert, and C. Quivoron. 1984. Flocculatlon
properties of some water-soluble catlonlc copolymers toward silica
suspensions: A semi-quantitative interpretation of the role of
molecular weight and cationicity through a "patchwork" model.
J. Colloid Interface Scl. 97:120-136.

30.

Hidalgo, J., and P. M. T. Hansen. 1971. Selective precipitation
of whey proteins with carboxymethyl cellulose. J. Dairy Scl. 54:
1270-1274.

31.

Clark, K. M., and C. E. Glatz. In preparation. Protein precipita
tion and fractionation by precipitation with carboxymethyl
cellulose. Department of Chemical Engineering, Iowa State
University, Ames, lA.

32.

Van Holde, K. E. 1971. Physical biochemistry. Pages 57-65
L. Hager and F. Wold, eds. Foundations of modern biochemistry
series. Prentice-Hall, Inc., Englewood Cliffs, New Jersey.

33. Tanford, C., and J. D. Hauensteln. 1956. Hydrogen ion equilibria
of ribonuclease. J. Am. Chem. Soc. 78:5287-5291.
34.

Tanford, C., and M. Wagner. 1954. Hydrogen ion equilibria of
lysozyme. J. Am. Chem. Soc. 76:3331-3336.

35.

Fraenkel-Conrat, H., and R. E. Feeney. 1950. The metal-binding
activity of conalbumin. Arch. Blochem. 29:101-113.

36.

Edsall, J. T., and J. Wyman. 1958. Acid-base equilibria. Pages
406-476 iji Biophysical chemistry. Volume 1: Thermodyanmics,
electrostatics and the biological significance of the properties
of matter. Academic Press, Inc., New York.

37.

Torrestiana, B., E. Gallndo, and E. Brlto. 1988. Cooperative
binding of sucrose in xanthan gum solutions. Biotechnol. Prog.
4:1-5.

130

38.

Flossdorf, J., and M.-R. Kula. 1973. Ultracentrifuge studies on
binding of aliphatic amino acids to isoleucyl-t-RNA synthetase
from Escherichia coli MRE 600. Eur. J. Biochem. 36:534-540.

39.

Glikina, M. V., N. P. Kuznetsova, I. N. Bolotina, and G. V. Samsova.
1970. The state of Insulin in molecular complexes with polyacrylic
and polymethacrylic acids. Mol. Biol. 4:559-562.

40.

Connors, K. A. Binding constants. Pages 21-101 iji Binding
constants: The measurement of molecular complex stability.
John Wiley and Sons, Inc., New York.

41.

Kirkwood, J. G. 1939. The dielectric polarization of polar liquids.
J. Chem. Phys. 7:911-919.

42.

Melander, W., and C. Horvath. 1977. Salt effects on hydrophobic
interactions in precipitation and chromatography of proteins: An
interpretation of the lyotropic series. Arch. Biochem. Biophys.
183:200-215.

43. Longsworth, L. G. 1941. The influence of pH on the mobility and
diffusion of ovalbumin. Ann. N. Y. Acad. Sci. 41:267-285.
44.

Beychok, S., and R. C. Warner.
phoretic behavior of lysozyme.

1959. Denaturation and electroJ. Am. Chem. Soc. 81:1892-1897.

45.

Chowdhury, F. H., and S. M. Neale. 1963. Acid behavior of
carboxylic derivatives in cellulose: Part I. Carboxymethyl
cellulose. J. Polym. Sci. Pt. A 1:2881-2891.

46.

Rice, S. A., and F. E. Harris. 1954. A chain model for polyelectrolytes II. J. Phys. Chem. 58:733-739.

47.

Gasner, L. L., and D. J. C. Wang. Microbial cell recovery enhance
ment through flocculation. Biotechnol. Bloeng. 12:873-887.

48. Foster, P. R., P. Dunnill, and M. D. Lilly. 1976. The kinetics
of protein salting out: Precipitation of yeast enzymes by ammonium
sulfate. Biotechnol. Bioeng. 18:545-580.
49. Harris, F. E., and S. A. Rice. 1954. A chain model for
polyelectrolytes I. J. Phys. Chem. 58:725-732.
50.

Hermans, J. J., and J. Th. G. Overbeek. 1948, The dimensions of
charged long chain molecules in solutions containing electrolytes.
Rec, Trav. Chim. 67:761-776.

51.

Pals, D. T. F., and J. J. Hermans. 1952, Sodium salts of pectin
and of carboxymethyl cellulose in aqueous sodium chloride:
Viscosities. Rec. Trav. Chim. 71:433-457.

131

52.

SAS user's guide;
Gary, NC.

Statistics.

1985.

SAS Institute Inc.,

53.

Oncley, J. L. 1943. The electric moments and relaxation times
of proteins as measured from their Influence upon the dielectric
constants of solutions. Pages 543-554 iji E. J. Cohn and
J. T. Edsall, eds. Proteins, amino acids and peptides: As Ions
and dipolar Ions. Relnhold Publishing Co., New York.

54.

Shutt, W. J, 1934. The dielectric capacity of albumin solutions.
Trans. Faraday Soc. 30:893-898.

55.

Shleh, J. Unpublished data. Department of Chemical Engineering,
Iowa State University, Ames, lA.

56.

Monod, J., J. Wyman, and J.-P. Changeux. 1965. On the nature of
allosteric transitions: A plausible model. J. Mol. Biol. 12:88-

118.
57.

Scatchard, G. 1949. The attractions of proteins for small
molecules and ions. Ann. N. Y. Acad. Sci. 51:660-672.

58. Denbigh, K. 1981. Temperature and pressure dependence of the
equilibrium constant. Pages 299-301 in The principles of chemical
equilibrium. Cambridge University Press, Cambridge, Great Britain.
59.

Scatchard, G. 1943. Thermodynamics and simple electrostatic
theory. Pages 20-74
E. J. Cohn and J. T. Edsall, eds. Proteins,
amino acids and peptides: As ions and dipolar ions. Relnhold
Publishing Co., New York.

60.

Robbins, J. 1972. Ions in solution (2): An introduction to
electrochemistry, Oxford University Press, London.

61.

Morrow, R. M., R. G. Carbonell, and B. J. McCoy. 1975. Electro
static and hydrophobic effects in affinity chromatography.
Biotechnol. Bloeng. 17:895-914.

62. Halicloglu, T., and 0. Sinanoglu. 1969. Solvent effects on cistrans azobenzene Isomerlzation: A detailed application of a
theory of solvent effects on molecular association. Ann, N. Y.
Acad. Sci, 158:308-317,

132

ACKNOWLEDGEMENTS

This work was supported by the Engineering Research Institute of
Iowa State University through National Science Foundation Grant No.
ECE-8514865.

133

APPENDIX A

Derivation of the Expression for Multiple Equilibrium
Binding for Identical and Independent Sites
Several authors [32-34, 56, 57] have investigated the multiple binding
of small ligands to substrates. Their work is summarized below.
Consider a substrate, S, with n binding sites for a ligand, L.

If

substrate-substrate interactions are neglected, n reactions may occur
between the substrate and ligand. These reactions and the corresponding
association constants are summarized below:

Reaction

Association Constant

S + L 2 SL,
'1

K,
"1

[SLJ
[S][L]

S^l + L 2 SLg

[SLg]
Kg = [sL^f[L]

SL_ + L 2 SLo
3

K
"3

[SL3]

SLn.i + L2SLn

[SLglEL]

[SL ]
= [gL .HL] '
n-i

Note that the association constants are given here in concentration,
rather than activity units.

Hence, the K^'s as defined are not truly

constant, and are expected to vary with composition was well as
temperature [32, 58].
To evaluate each of the n K^'s would require determination of the
concentration of each of the n SL^ species. If n is large, this may prove
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to be Impossible. Often it is more convenient to simply measure the
amount of bound (or unbound ligand).

This, together with the total or

initial concentrations of the substrate and ligand, allows determination
of an average binding number, v

A general expression for v is

[L3 + 2K^K2[L]^ + 3KJ^K2K3[L]^ + ...+ n(KJ^K2K3...K^)[L]"
(A3)
1+ Ki[L]+

[L]^

[L]^ + ... +(K^KgKg...KJ[L]"

Again, if n is large, the usefulness of this equation is limited.
However if the binding sites are identical and independent, then the n
association constants may be expressed in terms of a single constant K.
Note that there are n!/((n-i)! i!) ways for ligands to fill i of the
n sites on the substrate.

Equivalently we may say that there are

n!/((n-i)! i!) forms of the species SL^. Then if K is simply the associa
tion constant for the reaction

unoccupied site + ligand $ occupied site

(A4)

the K^'s may be expressed in terms of the single association constant, K
[18, 32, 56, 57]

\

K.

Substituting equation A5 into equation A3 we obtain

(A5)
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n

,
inri I

rT 1

"

•

1 + j, Tï^
Making use of the binomial expansion, the expression for v becomes

°rY% •

w)

This equation may be rearranged to yield

[L]K =^ .

(A8)

*
'
[L](n-v) '

(A9)

Then K is defined by

If we define 0 as the fraction of combined sites on a macromolecule.

0 = -^

(AlO)

[L]K =^ .

(All)

equation A8 may be written as

The association constant K for binding sites that are Independent and
identical is proportional to the ratio of occupied to unoccupied sites.
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APPENDIX B

Derivation of Expressions for the Electrostatic and
Hydrophobic Free Energies of Macromolecules
Electrostatic free energy
In this work an expression for

the electrostatic contribution

to the free energy of the substrate is needed.

Most treatments make use

of the Debye-Huckel theory, developed for simple ions. This theory is
discussed in detail in several texts [18, 59, 60] and is summarized below.
The electrostatic potential Y(r) around a test ion of charge
radius

and

is determined, and from this the electrostatic free energy is

computed. The key assumptions of the Debye-Huckel theory are listed
below [60]:
1.

Electrolytes are completely dissociated.

2.

The potential field around the ion is assumed to be symmetrical.

3. Only coulombic interactions are considered.
4. The potential Y(r) is sufficiently small that | z ^ Y (r)|<<kT.
5. The dielectric constant of the solvent is assumed to be constant.
The distribution of counterions outside the distance of closest
approach to the reference ion is given by Boltzmann's equation

= M exp{^} .

(Bl)

The expression for the charge density, p, is

2Me^4'
P " " kT

(B2)
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Poisson's equation is used to describe the potential generated by the
distribution of charge around the test ion:

V^fCr) = - ^ .

(B3)

The resulting expression for the electrostatic potential near the surface
of the ion is given by the Polsson-Boltzmann equation:
V^YCr) = K^'i'(r)

(B4)

where k is the Debye-Huckel parameter

Ne
500 D kT

(B5)

The solution to this equation for r > a, where a is the distance of
closest approach to the center of the ion is

Y(r)

al
4 ÏÏ Dr

1 -

icr
l+<a

(B6)

To evaluate the electrostatic free energy of the ion, the potential is
evaluated at the surface R and integrated.

The electrostatic free energy

per mole is

K R,

N
AG
el

8ïï D R,

1 -

1 + ka

(B7)

Although the Debye-Huckel theory was developed for simple ions, many
authors have Introduced modifications to extend this treatment to charged
macromolecules and to solutions of higher ionic strength.

The simplest
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modification, outlined by Tanford [18] Is to simply model the macromolecule as an Impenetrable sphere, with a net charge of Zs distributed
uniformly over the surface of the sphere.

Then equation B7 gives the

molar electrostatic free energy of a macromolecule of charge

= Z.

Kirkwood [41] accounted for ion-dipole Interactions, and noted that
for a prolate ellipsoid dlpole the electrostatic free energy per mole
could be described as

AGei = - A R T I

(B8)

where A is a term that is proportional to the dlpole moment, M, and
2
inversely proportional to (DkT)

A =

TrNe^g(X)R.
L_- .
500 (4irDkT)^

(B9)

Here g is a function of the eccentricity X, and generally has a value
between 0.5 and 1.0. For a spherical dipolar ion, the electrostatic
2
potential is proportional to (p/DkT) .
Melander and Horvath [42] reasoned that at low ionic strength, a
macrolon would behave as a charged ion and could be described by the
Debye-Huckel theory.

However, at high salt concentrations the extent of

a shielding by the counterions may be so great that the macrolon
essentially behaves as a neutral dlpole. Using Kirkwood's theory, they
developed an expression for the electrostatic free energy of a macrolon

- Z/ A -

where

- A IR T

(BIO)
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e^N
Sir DR,

(Bll)

e^N
Ne
STTD 500 DkT

(B12)

h
Ne
500 DkT

(B13)

Free energy of cavity formation
Many authors [42, 61] have noted that electrostatic effects alone
often fall to fully account for the effect of salts on macromolecules and
have shown that hydrophobic Interactions must also be considered.
Morrow et al. [61] defined the activity coefficient of a protein
molecule as the sum of electrostatic and hydrophobic contributions

/1.825 X 10* \
\ (DT)3/2 / ^
YI
50.29a
1 +
/Sr

Z^/f
In Y =

(B14)

where Y Is an empirical constant relating to the hydrophoblclty of the
protein molecule.
Melander and Horvath [42] used Slnanoglu's solvophobic theory [62]
to describe hydrophobic effects In terms of
for cavity formation.

the free energy change

Slnanoglu's expression for the free energy change

of cavity formation for the transfer of a solute molecule Into solution
Is

AG „ = F + niRT
cav
where

(B15)
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F = [NH + 4.8Nl/3(Ke_iyy2/3j^w

(B16)

n = [NH + 4.8N^^^(K;®-l)V^^^]a/RT .

(B17)

Note that A and S2 are often described as the Intrinsic saltlng-ln
and salting-out coefficients» respectively.

Table C-1.

Values of association constants and cooperativity functions for the precipitation of
lysozyme and ovalbumin by CMC

Protein

Ovalbumin

Ovalbumin

Ovalbumin

PH

4.2

4.2

4.2

Ionic
strength
[M]

0.02

0.04

0.05

Z

In K

-726.7

5,896

-785.3

6.684

-852.8

6.385*

-963.4

4.309*

-999.4

-$(Z)

9.764

*(Z)

*(Z)

Z

Z'Z
P

0.01344

0.002239

10.55

0.01344

0.002239

10.25

0.01202

0.002003

8.177

0.008488

0.001414

3.478*

7.345

0.007350

0.001224

-771.6

5.590

5.584

0.007236

0.001206

-760.9

5.668

5.661

0.007440

0.001240

-802.5

6.162

6.155

0.007670

0.001278

-802.1

6.214

6.207

0.007739

0.001290

-852.8

6.393

6.387

0.007489

0.001248

-856.4

6.278

6.271

0.007322

0.001220

-988.3

3.696*

3.689

0.003733

0.0006221

-996.8

3.458*

3.451

0.003462

0.0005771

-1019.0

2.741*

2.734

0.002683

0.0004471

-1043.0

0.7051*

0.6984 • 0.0006699

-835.6

5.106

3.489

0.004175

0.0006959

-783.5

5.517

3.899

0.004976

0.0008294

-822.2

5.892

4.274

0.005199

0.0008665

0.0001117

Ovalbumin

Ovalbumin

4.2

4.2

0.06

0.06

-816.2

6.006

4.388

0.005376

0.0008960

-864.4

6.099

4.482

0.005185

0.0008641

-868.3

6.038

4.420

0.005091

0.0008485

-981.0

3.890*

2.272

0.002316

0.0003860

-994.6

3.532*

1.914

0.001925

0.0003208

-1038.0

1.389*

-1028

2.285*

-831.0

5.146

-831.6

5.143

-844.5

5.594

-854.6

5.461

-899.4

5.324*

-902.4

5.268*

-1003

3.283*

-1006

3.169*

-1039

1.280*

*Indicates data not used in determination of In Kj^^t

-0.2286 -0.0002202 -0.00003669
0.6675

0.0006495

0.0001083

ro

-$(%).

Table C-1. Continued

Protein

Ovalbumin

Lysozyme

pH

4.2

4.2

Ionic
strength
[M]

0.07

0.02

In K

-866.0

4.828*

-901.3

4.794*

-931.8

4.658*

-964.0

3.704*

-985.7

3.874*

4.2

0.07

0.10

Z

Z-Z
P

0.5902

0.02239

0.002035

-43.14

9.315

0.6425

0.01489

0.001354

-69.56 10.00

1.331

0.01913

0.001739

12.19

3.513

0.01848

0.001680

-43.61

8.738

0.5367

0.01231

0.001119

-65.62

8.848

0.6465

0.009853

0.0008957

9.238

1.037

0.009421

0.0008564

2.226

0.01053

0.0009568

-211.5
4.2

$(Z)

9.263

-110.1

Lysozyme

$(Z)

—26.36

-190.2
Lysozyme

-$(Z)

10.43

-58.59

8.477

0.5353

0.009137

0.0008306

-63.47

8.374

0.4322

0.006810

0.0006190

-103.0

8.374

0.4317

0.004192

0.0003811

-112.8

8.112

0.1694

0.001501

0.0001365

-162.2

8.753

0.8109

0.005001

0.0004546

-170.2

8.546

0.6042

0.003551

0.0003228

Lysozyme

4.2

0.12

-292.5

9.281

1.338

0.004577

0.0004161

-262.1

9.332

1.390

0.005304

0.0004821

-108.3

7.725

0.03330 0.0003076

0.00002796

8.143

0.4510

0.0005956

0.0005414

-134.9

7.909

0.2175

0.001612

0.0001466

-116.6

8.105

0.4135

0.003547

0.0003224

-162.3

8.484

0.7923

0.004881

0.0004437

-189.1

8.237

0.5454

0.002885

0.0002622

-265.3

8.692

1.000

0.003771

0.0003428

-310.9

8.264

0.5724

0.001841

0.0001674

-145.1

7.353

0.2009

0.001384

0.0001258

-169.7

7.129

-201.9

7.290

0.1383

-212.3

7.183

0.03120 0.0001469

0.00001336

-251.7

7.482

0.3301

0.001312

0.00001192

-256.5

7.370

0.2180

0.0008499

0.00007727

-341.8

7.462

0.3105

0.0009084

0.00008259

-348.7

7.265

0.1134

0.0003252

0.00002957

-339.6

6.679

7.925

0.02334

0.003111

-371.0

7.502

8.748

0.02358

0.003144

12.110

0.02343

0.003125

-75.73

Lysozyme

Lysozyme

4.2

5.8

0.15

0.02

-516.8

10.86

-0.002

-0.0001338 -0.00001216
0.0006850

0.000062274

-776.1

8.417*

9.663

0.01245

0.001660

-1147.0

4.628*

5.874

0.005122

0.0006829

Table C-1•

Continued

Protein

Lysozyme

Lysozyme

pH

5.8

7.5

Ionic
strength
[M]

0.07

0..02

Z

7.5

0.07

-$(Z)

$(Z)

$(Z)

Z

Y'Z
P

-534.0

5.954

4.115

0.007706

0.001027

-569.6

6.485

4.646

0.008157

0.001088

-643.9

7.464

5.625

0.008736

0.001165

-802.2

8.213

6.374

0.007946

0.001059

-966.4

6.540*

4.701

0.004864

0.0006486

-455.9

6.530

8.636

0.01894

0.003266

-540.7

8.135

10.24

0.01894

0.003266

-827.0

9.476*

11.58

0.01401

0.002415

5.803*

7.908

0.007194

0.001240

—686.8

5.705

3.835

0.005584

0.0009628

-767.2

6.285

4.415

0.005755

0.0009922

-903.6

6.951

5.081

0.005623

0.0009695

-1054

6.760*

4.890

0.004638

0.0007996

-1168

6.031*

4.161

0.003561

0.0006140

-1099
Lysozyme

In K
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SUMMARY AND RECOMMENDATIONS
Summary
This study concerned the effects of the solution environment on
protein fractionation by polyelectrolyte precipitation.

Specifically, the

effects of CMC dosage and addition, pH level, and ionic strength on the
fractional precipitation of egg white proteins were determined. The
results were analyzed, interpreted, and Incorporated into a floe formation
mechanism.

We concluded that two phenomena were involved in the devel

opment of a floe—the formation of insoluble protein-polymer complexes,
followed by aggregation of these complexes Into primary particles and
floes.

Finally, evidence for a dual role of the polymer, precipitant

and floceulant, was presented.

The results upon which these conclusions

are based are summarized below.

Formation of the protein-polymer complex
Visual observations indicated that upon addition of the polymer to
the protein solution a solid phase formed.
electrolyte as precipitant is evident.

Hence, the role of the poly

Additionally, as shown by zeta

potential and complex composition measurements, the polymer is Incorporated
into the solid phase with the protein.

When egg white proteins were

precipitated at pH 4.5, 0.07 M, the particle zeta potential changed from
10.4 to -22.6 mV as the polymer dosage was Increased from 0.02 to 0.10
(g CMC/g protein). The decrease in zeta potential was accompanied by a
decrease in protein content of the precipitated complex from 95% to 71%.
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This Indicates that CMC Is Incorporated Into the complex, and that the
proportion of polymer In the complex Increases with dosage.
The results of our experimental work showed that fractionation may
be controlled by the polymer dosage, pH, and Ionic strength.

Protein

charge appears to be the greatest factor Influencing precipitation
selectivity. Only positively charged proteins are precipitated, and
highly charged proteins are selectively precipitated.

This was

demonstrated not only In the precipitation from binary mixtures of lysozyme
and ovalbumin, but also In the selective recovery of lysozyme and
conalbumln from egg white at pH 4.5.

Fractionation may also be achieved

by control of polymer dosage, as evidenced by the selective precipitation
of lysozyme by CMC at pH 4.2, 0.02 M from a binary mixture of ovalbumin
and lysozyme. At low polymer dosages, only lysozyme was precipitated;
however, after virtually all the lysozyme was recovered, further CMC
addition resulted In ovalbumin precipitation as well.

Ionic strength

adjustments may enhance the precipitation selectivity since the precipita
tion of highly charged proteins Is not greatly affected by Increased
Ionic strength.

As a result, higher lysozyme purity levels were achieved

at 0.07 M than at 0.02 M when precipitated from binary solutions of
ovalbumin and lysozyme at pH 4.2.
Formation of the protein-polymer complex was the result of electro
static Interactions:

only oppositely charged proteins were precipitated,

proteins of high positive charge were selectively precipitated over those
of lower net charge, and increased ionic strength reduced the extent of
precipitation.

These observations were made with CMC precipitation of

148

both natural egg white and binary mixtures of ovalbumin and lysozyme.
This type of behavior is characteristic of protein ion exchange, but
attempts to model the precipitation as a soluble analogue to ion exchange
by using a Donnan equilibrium approach were not successful.
The precipitation was successfully modeled as a multi-equilibrium
binding phenomenon.

A single CMC molecule served as a substrate capable

of binding several protein molecules.

The binding was negatively

cooperative and was governed by electrostatic interactions between the
substrate of net charge Z and the protein molecule of charge Zp. A binding
constant was defined as the sum of two contributions:

electrostatic

binding and the resulting phase change. The Debye-Huckel theory, as
modified by Kirkwood, successfully accounted for the charge and ionic
strength dependence of the binding constant.

Additionally, as predicted

by the model, the binding constant was sensitive to ion-dipole interactions,
which correlated with the surface charge density of the protein.
Regardless of the protein system used, a characteristic effect of
polyelectrolyte dosage was noted:

protein recoveries increased with

dosage to an optimum, then decreased with further addition of polymer.
This resolubilization may be reduced either by the use of highly charged
polymer or by precipitation at lower ionic strength levels.

Application

of the binding model to these data indicated that beyond a critical complex
charge of Z = -860, the binding constant decreased and was not Influenced
by ionic strength.

This reduction occurred at the same dosage level at

which resolubilization was observed as a result of formation of soluble
complexes not accounted for in this model.

The critical complex charge

was independent of protein or ionic strength.
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Aggregation phenomena
The extent of complex aggregation, as measured by the size of the
resulting aggregates, was studied as a function of the polymer dosage
level and the number of Incremental additions.
Influenced the aggregation phenomena.

Both factors clearly

Largest particles were obtained at

an optimum dosage level, and the smallest particles at overdosed conditions.
For the precipitation of egg white by CMC at pH 4.5, 0.07 M, optimally
dosed particles were 11.4 ym in diameter and the overdosed particles were
3.34 ym in diameter, with a zeta potential of -22.6 mV. The critical
complex charge corresponded to a zeta potential of -39 mV, near the limit
of stability for colloidal solutions.

Thus, the resolubilization observed

with high polymer dosage levels appeared to be the result of electro
statically limited aggregation phenomena.
The data also indicated that the polymer serves as both precipitant
and flocculant In the precipitation process.

Sequential additions of CMC

to solutions of egg white protein, all to a final overdosed level, showed
that particle size increased with the number of polymer additions.

This

is the result of enhanced opportunities for bridging of the primary
particles or existing floes by secondary and tertiary additions of polymer.
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Recommendations
Below I have listed several suggestions for continued Investigation
of protein precipitation and fractionation with polyelectrolytes.
may be categorized Into three groups:

They

those dealing with aspects or

factors not considered In this study, further Investigation of an effect
noted here, and further refinements to the multl-equlllbrlum binding model.
Additional factors
1. This work has Indicated that the polyelectrolyte serves as a
flocculant In the aggregation phase of floe formation for overdosed
particles.

Flocculatlon studies performed by other authors have

Indicated that flocculatlon by charged polymers may proceed through
different mechanisms—bridging [14], patch formation [15], or charge
neutralization [16]. The flocculatlon mechanism should be determined.
2. For underdosed conditions, the polymer may be preferentially used for
the Insolublllzatlon phase of floe formation, and aggregation may occur
through a coagulation rather than flocculatlon mechanism.

This

potential dosage dependency of the aggregation mechanism should be
Investigated.
3. The feasibility of protein recovery by polyelectrolyte precipitation
should be determined for fermentation systems, rather than model
solutions of proteins.

Potential complications include high ionic

strength levels, high solution viscosities, and Interferences by
nucleic acids and other components of the fermentation medium.
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4. The effect of the polymer charge density should be evaluated. This
may be an Important tool In alleviating the severity of the Ionic
strength effect on protein recovery.
5. The salting out of protein and Ion exchange of proteins has shown
that the type of salts used has a significant effect on product
recovery. These effects, which may be related to the Hofmelster
series [17], should be evaluated for protein precipitation by
polyelectrolytes.
6. The effect of protein concentration has been shown to affect the
resulting size of Isoelectric precipitates [18].

Corresponding work,

to determine the effect of.protein concentration on aggregate size,
as well as protein recovery by polyelectrolytes should be conducted.
7. Because precipitation results In the formation of a solid phase, the
ease of solld-llquld separation Is critical to the success of the
recovery process. Thus It Is desired to produce large, dense floes
that are strong enough to withstand additional processing steps.
However, biological precipitates are often highly compressible.

This

limits the use of conventional solids recovery techniques such as
cross-flow filtration.

Conditions (dosage, pH, I) should be found

that not only produce large, strong floes, but floes that are less
susceptible to compression and gel formation.

Additional experimental work
1. The preliminary studies conducted here indicated that for the
precipitation of binary solution of ovalbumin and lysozyme, the same
protein recoveries were achieved as with single component solutions.
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This may have simply been the result of the low levels of proteins
used. This effect needs to be evaluated, especially if polyelectrolyte
precipitation Is to be applied to the fractionation of more complex
mixtures or fermentation broths.
2.

The effects of pH and ionic strength on particle size have not been
evaluated, but are likely to be significant.

Additional modeling work
1.

Although fractionation was observed experimentally, the model was not
tested or modified to account for these phenomena.

This effect may be

classified as competition for binding sites.
2.

This work Indicated the presence of positively charged complexes at
low polymer dosage levels.

This effect was not Incorporated into the

model, but the effect could be accounted for by redefining
the maximum number of binding sites on a substrate.

This may require

determination of n experimentally, or through calculations using a
space filling model.
3. The lowest ionic strength investigated in this work was 0.02 M.

For

this and higher ionic strength levels, the Debye term using the fitted
parameters is rather Insensitive to ionic strength.

At very low

ionic strength levels, the model predicts a more severe effect of I.
Experiments should be conducted at these low ionic strength levels,
to provide a more rigorous test of the model.
4. The target protein is likely to be Incorporated into the solid phase
during the course of the precipitation.

Subsequent steps will Include

washing the precipitate, and ultimately resolubillzatlon to recover
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the product.

Resolublllzatlon may be accomplished by reversal of

the electrostatic attraction responsible for complex formation—through
Increased Ionic strength or appropriate pH levels. These are condi
tions that yield a sufficiently low value of the binding constant.
Application of the binding model to resolublllzatlon may allow
prediction of the resolublllzatlon conditions.
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