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Colloidal stability of protein-polymer systems: A possible explanation by hydration forces

J. A. Molina-Bolı́var, F. Galisteo-Gonza´lez, and R. Hidalgo-A´ lvarez*
Grupo de Fı´sica de Fluidos y Biocoloides, Departamento de Fı´sica Aplicada, Facultad de Ciencias,

Universidad de Granada, 18071 Granada, Spain
~Received 31 July 1996; revised manuscript received 16 December 1996!

In this paper the stability domains of immunoglobulin~IgG fragment! F~ab8)2-polymer systems have been
examined using a low-angle scattering technique. The rates of aggregate formation are expressed in terms of a
stability ratio as a function of electrolyte concentration. After the usual rapid aggregation achieved at a certain
ionic strength~critical coagulation concentration!, an abnormal stabilization is observed with increasing ionic
strength. This exceptional stability at high electrolyte concentration cannot be explained by the Derjaguin,
Landau, Verwey, and Overbeek@B. V. Derjaguin and L. Landau, Acta Physicochim. USSR14, 633~1941!; E.
J. W. Verwey and J. Th. G. Overbeek,Theory of the Stability of Lyophobic Colloids~Elsevier, Amsterdam,
1952!, Vols. 1 and 2# theory, which attributes the colloidal stability to the London–van der Waals attraction
and the electrostatic repulsion. Effects of electrolyte concentration, counterion valence, pH, protein coverage,
and time on the experimental stability are investigated. A possible explanation based on the so-called ‘‘hydra-
tion forces’’ is proposed.@S1063-651X~97!05804-2#

PACS number~s!: 82.70.Dd, 47.20.Ma, 82.65.Dp
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I. INTRODUCTION

The stability of a colloidal dispersion is determined by t
total interaction potential close to the surface. According
the Derjaguin, Landau, Verwey, and Overbeek~DLVO!
theory @1,2#, this total interaction potential is the sum of th
repulsive electrostatic interaction energy (VE) and the attrac-
tive London–van der Waals~dispersion! energy (VA). Elec-
trostatic repulsion decays approximately exponential w
the distance of separationH, whereas the van der Waa
forces are proportional toH21. As a consequence, the tot
interaction energy, as a function of the distance, norm
presents two minima and one maximum. The maximum r
resents the energy barrier (Vmax) opposing coagulation. If
particles approach each other with sufficient kinetic energ
to overcomeVmax, coagulation will occur and the suspensio
will be destabilized. As electrostatic repulsion depends
the electrolyte content, so does the energy barrier. The
bility of colloidal suspensions can then be controlled
changing the ionic strength of the solution, the attract
being assumed as constant.

The application of the classical DLVO theory, howeve
has its limitations. Some hydrophilic systems remain sta
in the presence of high salt concentrations, where the DL
theory predicts aggregation. Lipid bilayers, and other mo
membranes and an aqueous solution, experience a stron
pulsion at close proximity@3#. Although previously observed
in several systems@4#, these additional repulsive forces we
first measured by Israelachvili and Adams@5# in the interac-
tion of mica surfaces immersed in an aqueous KNO3 solu-
tions. They found an exponential decay of these repuls
forces with distance, and referred to them as ‘‘hydration’’~or
‘‘structural’’ ! forces. They are of crucial importance in th
stability of colloids, and were invoked to rationalize the
phenomena which could not be explained by the class
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DLVO theory, e.g., adhesion, wetting, flotation, and
biomembrane systems@6#. For colloids and interfaces in a
aqueous media the hydration forces are attributed to the
dration of adsorbed counterions and ionic functional grou
in the surface@7–10#.

The origin and nature of this force has long been cont
versial, especially in colloidal and biological literature.
well-known interpretation of this force is that a polar surfa
induces an ordering of the solvent which exponentially d
cays away from the surface. An overlap of the ordere
solvent layers near the two mutually approaching surfa
creates a force. Whatever the reason for hydration of
surface~electrostatic polarization of water or hydrogen bon
ing!, it significantly reduces the free energy of the syste
Partial dehydration of the ions adsorbed and/or of the surf
groups due to the mutual approach of two surfaces, will le
to an increase in the system energy. This results in a re
sive force@11#.

The protein-covered colloidal system presented in this
per can be considered as another exception to the DL
theory. It can be stable at high salt concentrations where
theory predicts aggregation.

The aim of the present study is to investigate the influe
of several parameters in this anomalous behavior. This
bility mechanism is of potential interest in the developme
of immunoassays based on colloidal aggregation~latex ag-
glutination tests!.

II. EXPERIMENTAL METHODS

All chemicals used were of analytical grade quality. W
ter was purified by reverse osmosis, followed by percolat
through charcoal and a mixed bed of ion-exchange resins
protein experiments, pH was controlled using different bu
ers~acetate at pH 3–5, phosphate at pH 6–7, borate pH 8
constant ionic strength 2 mM !.

The latex was synthesized by means of a core-shell em
sion polymerization in a batch reactor. The core was a s
4522 © 1997 The American Physical Society
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55 4523COLLOIDAL STABILITY OF PROTEIN-POLYMER . . .
of polystyrene and the shell was obtained by copolymer
tion of styrene and chloromethylstyrene. Details are
scribed elsewhere@12,13#. The diameter of the polystyren
beads was 20165 nm and the polydispersity index 1.00
which indicates monodispersity. Surface charge, as de
mined by conductimetric titration, was23.760.2
mC cm22, strong acid. Chloromethyl groups, capable of
tached protein molecules covalently, were determined to
2.1160.14 mequiv m22.

F~ab8!2 antibody fragments from a rabbit polyclonal im
munoglobulin ~IgG! were kindly donated by Biokit S. A
~Spain!. They were obtained by pepsin digestion of IgG, a
purified by gel filtration followed by protein A chromatogra
phy to remove undigested IgG. Purity was checked by
dium dodecil sulfate poliacrilamide gel electrophoresis~SD-
SPAGE!, and the molecular weight was found to be 1
kilodaltons~kDa!. No IgG contamination was detected. Th
isoelectric points~IEP! of the F~ab8!2 preparations, deter
mined by isoelectric focusing, were in the range 4.7–6.0

F~ab8!2 was attached to the latex particles by incubat
the latex (0.4 m2) and protein solution in phosphate buff
saline ~pH 7.4! at 35 °C and 5 h. The samples were th
centrifuged and resuspended in deionized water. The am
of protein attached to the latex particles was determined f
the difference of protein concentration before and after
sorption by spectrophotometry at 280 nm. The adsorp
isotherm@12# shows a plateau value of 3.2 mg m22, in agree-
ment with a homogeneous@14–17# monolayer of flat
F~ab8!2 molecules with dimensions 142338338 Å3 @18#.

Desorption of protein from the surface was tested in
pH range 3–9, with ionic strengths up to 3M during one
week, for the complexes with maximum coverage. No
-
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sorption was observed. In order to measure covalently bo
protein to chloromethyl groups, a severe treatment with
SDS, 0.2M Tris, pH 11 at 50 °C was undertaken. 50% of t
protein~that was physically adsorbed! was removed from the
surface.

All particle aggregation studies were carried out using
low angle light scattering technique~nephelometry! for mea-
surement of the coagulation rates in conjunction with a co
puter. Scattered light intensity was followed at 10° duri
100 s.

The scattering cell shape is rectangular, with a 2 mmpath
length. The cell is thoroughly cleaned with chromic ac
rinsed with distilled water, and then dried using an infrar
lamp. Equal quantities~1 ml! of salt and complex solutions
were mixed and introduced into the cell by an automa
mixing device. Dead time is quite short.

The latex dispersions used for such coagulation exp
ments have to be sufficiently dilute to minimize multip
scattering effects, whilst still having an experimentally co
venient coagulation time. For the complexes used here
concentration of 231010 particles per milliliter was deter-
mined to be satisfactory. Prior to the experiments, fresh s
pensions of complexes were sonicated for 2 min to brea
any initial clusters. The stability ratio~W! is a criterion for
the stability of the colloidal system

W5
kr
ks
, ~1!

in which the rate constantkr describes rapid coagulation, an
ks is the rate constant for the slow coagulation regime. Th
the inverse of the stability ratio provides a measure of
effectiveness of collisions leading to coagulation.
t

FIG. 1. Scattered light inten-
sity ~arbitrary units! vs time for a
typical coagulation experimen
with a F~ab8!2–PS-PCMS com-
plex at different electrolyte con-
centrations~NaCl!.
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4524 55J. A. MOLINA-BOLÍVAR et al.
In this work, the stability ratio was obtained experime
tally from the rate constant of coagulation of the colloid
particles measured using the low angle light scattering te
nique developed by Lips and Willis@19#, where the total
scattering intensity for a dispersion of identical primary p
ticles with a time varying distribution size is@20#

I ~ t,u!

I u~0!
5112knst, ~2!

whereI u(0) is the initial intensity of light scattered at ang
u, ns the number of primary particles, andk the rate con-
stant.

FIG. 2. log10W vs log10 @NaCl ~M !# for a F~ab8!2–PS-PCMS
complex at pH 7.3 with three different surface coverages:~a! j, 1.3
mg m22 ~CCC of 9868 mM !. ~b! s, 2.4 mg m22 ~CCC of 8466
mM , CSC of 166612 mM !; n, 3.0 mg m22 ~CCC of 6664 mM ,
CSC of 133610 mM !. Closed symbol, DLVO zone, open symbo
non-DLVO zone.
-
l
h-

-

The scattered light intensity at low angles increases
early with time, and then an absolute coagulation rate can
obtained from the slope if the number of primary particles
known.

A typical experiment is presented in Fig. 1, where sc
tered intensity at 10° is recorded as a function of time
five different electrolyte concentrations. Linear depende
is well accomplished, with correlation coefficients genera
better than 0.99. The slopes increase with increasing elec
lyte concentration until a maximum is reached. The ma
mum slope~100 mM in this case! represents rapid coagula
tion (kr). The stability factor ~W!, calculated for each
coagulation experiment, is the ratio of the maximum coa
lation rate (kr) to the particular coagulation rate (ks).
Anomalous non-DLVO behavior is apparent from the obs
vation of a slower aggregation with electrolyte concent
tions larger than 100 mM .

Log10W values were then plotted versus log10 @salt# to
determine the experimental stability domains of the collo
As Reerink and Overbeek@21# have shown with several ap
proximations, a linear relationship exists between log10W
and log10ce . Their treatment is based upon the assumpt
that the value of the potential maximum in the interacti
curve of two approaching spheres is approximately cons
and neglecting possible contributions from hydrodynamic
teraction.

III. RESULTS

The main result of this work is the anomalous colloid
stability of a protein-polymer system at high ionic streng
where DLVO theory predicts aggregation. This behavior w
observed by Healyet al. @22# for the aggregation of ampho
teric latex, which showed stability at high salt over the cri
cal coagulation concentration~CCC!. The minimum concen-
tration provoking this effect was described as the criti
stabilization concentration~CSC!. The present study deal
with the influence of different experimental variables on th
behavior: surface protein coverage, pH, counterion nat
and time.

A. Influence of protein coverage

An example of this behavior in our system is shown
Fig. 2 for a protein-polymer complex with three differe
surface coverages. At a low salt concentration, in all ca
log10W decreases linearly with log10@salt#, reaching a limit
aggregation state~CCC!. For high coverages@Fig. 2~b!#, nev-
ertheless, a non-DLVO region appears when salt concen
tion is further increased. A new linear dependence of incre
ing stability develops over the so called CSC. Since
stabilization mechanism depends on protein coverage~CSC
decreases with increasing coverage!, it could be ascribed to
the nature of this layer.

B. Influence of pH

For a sensitized polymer with 3.2 mg m22 of F~ab8!2, it is
possible to observe~Fig. 3! that the stabilization mechanism
does not appear when pH is below the IEP of the prote
Since the protein is positively charged at this pH, it sugge
that only cations can provoke the anomalous stability~as
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FIG. 3. log10W vs log10 @NaCl# ~M ! for a F~ab8!2–PS-PCMS complex with 3.2 mg m22 at three different pHs:d, pH 3.6 ~CCC of
180610 mM !; h, pH 5.4~CCC of 4164 mM , CSC of 140610 mM !; n, pH 7.2~CCC of 7467 mM , CSC of 11969 mM !. Closed symbol,
DLVO zone; open symbol, non-DLVO zone.
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previously reasoned for amphoteric latex@22#!, bubble coa-
lescence@23#, mica @24#, and deposition of latex on glas
surfaces@6#!. For higher pH’s~around and over IEP!, the
anomalous behavior is clearly visible: the higher the pH,
smaller the salt concentration difference between CCC
CSC.

C. Influence of counterion

Figure 4 shows the dependence of aggregation on
concentration for two different monovalent counterio
(Na1, Cs1) in a system with a coverage of 2.6 mg m22. The
expected behavior in the DLVO region, i.e., coincidence
aggregation lines in the left of the figure, is not complete
accomplished, although differences to not have much sig
cance~CCC: Na1 9768 mM , Cs1 9368 mM ). At this
point, it should be noted that the DLVO treatment does
take ion adsorption inside the Stern layer into account, w
several authors@25–27# have shown the influence of the io
type in the double layer structure and properties.

In the high salt region, non-DLVO stabilization is clear
seen for both cations. For a given salt concentration, h
ever, an improved stability is observed with Na1. The elec-
trolyte concentration from which complex stabilization rea
pears~CSC! is lower for Na1 ~138610 mM ! than for Cs1

~160612 mM !, suggesting a dependence of the stabilizat
mechanism with the ion type.

When divalent cations, instead of monovalents, are u
to induce aggregation~Fig. 5!, a similar dependence with io
e
d
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is seen. Mg21 shows a lower CSC~4963 mM ! than Ca21

~6464 mM !. With divalent cations such as Ca21 and
Mg21, however, conclusions are not straightforward, sin
the effect of these ions on biological structures are rat
complex. From a practical point of view, however, it is not
worthy that divalent cations provoke full unstability of th
system, even with the lower salt concentration studied~15
mM !, but they can again stabilize the suspension with
intermediate salt concentration~at ca. 0.4M Na1 the system
is colloidally unstable, while at the same concentrati
Mg21 is stable!.

D. Influence of time

When stability is studied for the same latex-protein co
plexes, but at different times after sensitization, a curio
affect is observed~Fig. 6!. The first interesting remark in this
figure is the null influence of time in the DLVO region
suggesting that, effectively, parameters like surface poten
and coverage have not changed~i.e., no desorption is occur
ring!. In the non-DLVO region, nevertheless, time is affec
ing CSC, decreasing until a constant value is achieved a
ten days.

IV. DISCUSSION

Figure 2 shows that the anomalous stabilization mec
nism on this system can be attributed to the presence
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FIG. 4. log10W vs log10 @salt
(M )# for a F~ab8!2–PS-PCMS
complex with 2.6 mg m22 at pH
7.1: h Na1 ~CCC of 9768 mM ,
CSC of 138610 mM !; n, Cs1

~CCC of 9368 mM , CSC of
160612 mM !. Closed symbol,
DLVO zone; open symbol, non-
DLVO zone.
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protein layer surrounding the particle. Due to the macrom
lecular nature~amphoteric and amphiphilic! of the protein,
different possibilities can be suspected as responsible for
behavior@12#. Steric effects could account for the anomalo
stabilization at a high ionic strength, where electrostatic
teractions are severely diminished. In another way, elec
static attraction between amphoteric complex surfaces c
also be a major force in aggregation, this effect being
creased with increasing salt concentrations.

With any of these possibilities, however, a more or le
symmetric behavior should be expected for a similar op
site net charge in the surface complex. The results show
Fig. 3 reveal that this is not the case. At pH 3.6, below
IEP, the anomalous stabilization does not appear, sugge
a relationship with ion nature. It occurs only when the n
complex charge is negative, and an excess of cation
present. Since cations exist in aqueous media highly
drated, while anions are practically not hydrated@25,28#, a
relation of the stabilization mechanism with hydration of a
sorbed ions seems plausible. In fact, we can observe in F
4 and 5 a dependence with ion type, increasing their ef
with the size of the hydrated cation.

For a similar interface~amphoteric latex with COO2 and
NH2

1 groups at the surface!, Healy et al. @22# described the
same phenomena, attributing responsibility to a ‘‘hydrat
barrier at the interface.’’ Hydration forces, as mentioned
the Introduction, are widely recognized for hydrophilic su
faces as strongly stabilizers. Polypeptide outer structure
polymer-protein complex can present both domains, hyd
philic and hydrophobic. If we assume a main hydropho
force for adsorption, enrichment of hydrophilic patches
-
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o-
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expected for the new interface@29#. An increase in bulk salt
concentration should lead to specific hydrated ions ads
tion into this interface. The more hydrophilic the micro
scopic region, the larger the decrease in the free energ
the system, setting then a barrier for interparticle aggrega
~which needs dehydration of the surface to occur!.

Proteins adsorbed to a surface remain in a slow dyna
state. Several authors@30–33# point out in their conclusions
to conformational changes of adsorbed proteins with tim
suggesting a tendency of the system to expose more hy
philic sites to the protein-water interface, while the mo
apolar sites are oriented to the hydrophobic polymer surf
@29,34,35#. Those changes should probably tend to minim
free energy by increasing hydrophobic contacts with surf
and hydrophilic exposure to the aqueous environment.

Assuming that alterations in the structure will tend to i
crease the hydrophilic character of the protein water in
face, we observe the experimental results@Fig. 6# to be in
line with a dependence of the anomalous stabilization w
the hydrophilic nature of the interface.

The relation between solubility in nature proteins and s
bility in protein-covered particles is something difficult t
understand. Their behavior in respect to the salt concen
tion is opposite, whereas they present a similar aqueous
terface. Proteins increase the solubility reaching a maxim
and then they turn more insoluble with increasing salt c
centration. Protein-covered colloids are originally stable, a
become unstable with salt in the medium. At higher salt c
centrations, however, they are colloidally stable again. T
salt range for these two opposite behaviors is more or
the same~ca. 0–1.5M !. The main argument to resolve th



55 4527COLLOIDAL STABILITY OF PROTEIN-POLYMER . . .
FIG. 5. log10W vs log10 @salt ~M !# for a F~ab8!2–PS-PCMS complex with 2.6 mg m22 at pH 7.1: s, Mg11 ~CSC 4963
mM !; h, Ca11 ~CSC of 6464 mM !. Closed symbol, DLVO zone, open symbol, non-DLVO zone.
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apparent controversy should erase from the difference in
‘‘colloidal’’ size ~5–10 nm the protein, 200 nm the pa
ticles!, which can provoke big differences in the involve
forces for solubility and/or stability.

In an attempt to justify this anomalous behavior, an e
tension to the DLVO theory including hydration forces, a
its dependence with salt concentration, can be intend
Churaev and Derjaguin@36# made a first approximation o
this problem including a~nonionic strength dependen!
‘‘structural term’’ to the classical theory.

As in their proposal, if hydration forces are to be includ
in the DLVO theory, the net potential energy for the intera
tion between two colloidal particles must be described by
algebraic sum of three potentials:

VT5VA1VE1Vh , ~3!

whereVA is the London–van der Waals dispersion ener
VE represents the term for the repulsive electrostatic inte
tion, andVh is the repulsive hydration interaction energy.

Starting from an empirical exponential function to d
scribe this structural forceP(H), in the form first described
by Marcelja and Radic@5,8,37–39#

P~H !5P0e
2H/l ~4!

and using the Derjaguin approximation for spheres of rad
a @40#
e

-

d.

-
e

,
c-

s

Vh~H !5E
H

`

paP0le
2H/ldH5paP0l

2e2H/l. ~5!

Since we have observed a dependence of the abno
stabilization mechanism on the salt concentration, the hyd
tion force should depend on it in the same way. If we a
sume, as a first approximation, that the hydration interac
energy is directly proportional to salt concentration (ce)

Vh5pa~NAChce!l
2e2H/l, ~6!

whereNA is the Avogadro number,Ch is the proportionality
constant that we have defined as ‘‘hydration constant,’’ a
the concentration is expressed in mM .

Including Eq.~6! on Eq.~3!, estimates of the total poten
tial energy of interaction, as a function of the separat
distance, were computed, and presented in Fig. 7 for a m
system similar to that used in the experimental section
Fig. 7~a! standard DLVO calculations are plotted for diffe
ent salt concentrations using the parameters specified in
caption ~Hamaker constant andCd values have been ac
quired from a specific stability studio involving a simila
F~ab8!2-latex system@41#. Figure 7~b! shows the addition of
estimated hydration forces contribution. Parametersl ~decay
length! and Ch ~a new proportionality parameter is intro
duced here! have been adjusted~l between literature values!
to match experimental results.
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FIG. 6. log10W vs log10 @NaCl
~M !# for a F~ab8!2–PS-PCMS
complex with 3.2 mg m22 at pH
6.3 and different times after sensi-
tization:h, 1 day~CCC of 4764
mM , CSC of 190612 mM !; s, 5
days~CCC of 4764 mM , CSC of
147610 mM !; n, 10 days~CCC
of 4764 mM , CSC of 11868
mM !; ,, 24 days~CCC of 4764
mM , CSC of 118610 mM !;
Closed symbol, DLVO zone; open
symbol, non-DLVO zone.

FIG. 7. Calculated total interaction potential~ VT in kBT units! vs distance for different 1:1 electrolyte concentrations.~a! DLVO theory.
~b! DLVO extended by hydration forces inclusion. Hamaker constant~A!, 2310220 J; radius~a!, 100 nm; Stern potential (Cd), 27 mV;
decay length~l! 0.36 nm; hydration constant (Ch), 1.1310219 J.
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In both figures, the interaction potential maximum~en-
ergy barrier! decreases with increasing salt concentrati
and so does stability. The electrolyte concentration at wh
Vmax becomes equal to 0 is called the critical coagulat
concentration~CCC!. However, if this concentration is fur
ther increased@see Fig. 7~b!# the barrier achieves a minimum
and then starts to increase, becoming equal to 0 once a
~CSC!. The appearance of the potential barrier could acco
for the anomalous stability at these high electrolyte conc
trations.

Figure 2~b! shows, nevertheless, a striking point in t
inclusion of this term to the DLVO theory: the existence o
secondary minimum which could provoke reversible coa
lation. Dilution experiments carried out with our polyme
protein system do not show this phenomenon, otherw
present in hydrophilic systems like silica.

V. CONCLUSIONS

Low-angle scattering measurements conducted with aq
ous suspensions of the F~ab8!2–PS-PCMS system show tha
the particles strongly aggregate with increasing salt conc
tration as predicted by the DLVO theory. The aggregat
efficiency was maximal at the critical coagulation concent
tion ~CCC!. However, at the so-called critical stabilizatio
concentration~CSC! and above, the suspensions were m
stable than predicted by the theory.
ys
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We attribute this observed aggregation change to the
istence of a hydration repulsion resulting from the hydra
counterions adsorbed on the protein. This repulsive fo
should dominate the interaction at short range, when
double layer is compressed. An extension to the DLV
theory, including hydration forces and its dependence w
salt concentration, has been proposed. The hydration f
decays in a simple exponential manner with increasing
tance, as described in the classical models. As a first appr
mation, we have assumed that hydration forces are dire
proportional to the electrolyte concentration.

The total interaction energy as a function of separat
distance curves, calculated by the extended DLVO theo
indicates the possible existence of two electrolyte concen
tion where the energy barrier disappears~CCC and CSC! in
concordance with the experimental results. The appeara
of a deep secondary minimum in these calculations, ho
ever, suggests the possible existence of reversible coag
tion.
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