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Colloidal stability of protein-polymer systems: A possible explanation by hydration forces
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In this paper the stability domains of immunoglobuligG fragmen} F(ab'),-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 concentratipnan abnormal stabilization is observed with increasing ionic
strength. This exceptional stability at high electrolyte concentration cannot be explained by the Derjaguin,
Landau, Verwey, and OverbegR. V. Derjaguin and L. Landau, Acta Physicochim. USSR 633(1941); E.

J. W. Verwey and J. Th. G. Overbe€ekheory of the Stability of Lyophobic ColloidElsevier, 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.S1063-651X97)05804-2

PACS numbeps): 82.70.Dd, 47.20.Ma, 82.65.Dp

I. INTRODUCTION DLVO theory, e.g., adhesion, wetting, flotation, and in
biomembrane systenj$]. For colloids and interfaces in an
The stability of a colloidal dispersion is determined by theaqueous media the hydration forces are attributed to the hy-
total interaction potential close to the surface. According todration of adsorbed counterions and ionic functional groups
the Derjaguin, Landau, Verwey, and OverbedBLVO) in the surfacd7-10.
theory[1,2], this total interaction potential is the sum of the ~ The origin and nature of this force has long been contro-
repulsive electrostatic interaction energ¥ef and the attrac- versial, especially in colloidal and biological literature. A
tive London—van der Waalglispersion energy ¥/,). Elec-  well-known interpretation of this force is that a polar surface
trostatic repulsion decays approximately exponential withhduces an ordering of the solvent which exponentially de-
the distance of separatiod, whereas the van der Waals cays away from the surface. An overlap of the ordered-
forces are proportional tél “1. As a consequence, the total solvent layers near the two mutually approaching surfaces
interaction energy, as a function of the distance, normallycreates a force. Whatever the reason for hydration of the
presents two minima and one maximum. The maximum repsurface(electrostatic polarization of water or hydrogen bond-
resents the energy barrie¥/(,) opposing coagulation. If ing), it significantly reduces the free energy of the system.
particles approach each other with sufficient kinetic energieg’al’tiaj dehydration of the ions adsorbed and/or of the surface
to overcomeV .y, coagulation will occur and the suspension groups due to the mutual approach of two surfaces, will lead
will be destabilized. As electrostatic repulsion depends off0 an increase in the system energy. This results in a repul-
the electrolyte content, so does the energy barrier. The stgive force[11].
bility of colloidal suspensions can then be controlled by The protein-covered colloidal system presented in this pa-
changing the ionic strength of the solution, the attractionPer can be considered as another exception to the DLVO
being assumed as constant. theory. It can be stable at high salt concentrations where the
The application of the classical DLVO theory, however, theory predicts aggregation.
has its limitations. Some hydrophilic systems remain stable The aim of the present study is to investigate the influence
in the presence of high salt concentrations, where the DLV®f several parameters in this anomalous behavior. This sta-
theory predicts aggregation. Lipid bilayers, and other modepility mechanism is of potential interest in the development
membranes and an aqueous solution, experience a strong f-immunoassays based on colloidal aggregatiatex ag-
pulsion at close proximity3]. Although previously observed glutination tests
in several systemg!], these additional repulsive forces were
first measured by Israelachvili and Adafig in the interac-
tion of mica surfaces immersed in an aqueous KNOIu-
tions. They found an exponential decay of these repulsion All chemicals used were of analytical grade quality. Wa-
forces with distance, and referred to them as “hydratiéo’  ter was purified by reverse osmosis, followed by percolation
“structural™) forces. They are of crucial importance in the through charcoal and a mixed bed of ion-exchange resins. In
stability of colloids, and were invoked to rationalize theseprotein experiments, pH was controlled using different buff-
phenomena which could not be explained by the classicatrs(acetate at pH 3-5, phosphate at pH 6-7, borate pH 8-9,
constant ionic strength 2 Ish).
The latex was synthesized by means of a core-shell emul-
* Author to whom correspondence should be addressed. sion polymerization in a batch reactor. The core was a seed

Il. EXPERIMENTAL METHODS
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of polystyrene and the shell was obtained by copolymerizasorption was observed. In order to measure covalently bound
tion of styrene and chloromethylstyrene. Details are deprotein to chloromethyl groups, a severe treatment with 1%
scribed elsewherfl2,13. The diameter of the polystyrene SDS, 0.M Tris, pH 11 at 50 °C was undertaken. 50% of the
beads was 2015 nm and the polydispersity index 1.003, protein(that was physically adsorbpdias removed from the
which indicates monodispersity. Surface charge, as detepurface.

mined by conductimetric titration, was—3.7+0.2 All particle aggregation studies were carried out using a
«C cm 2, strong acid. Chloromethyl groups, capable of at-lOW angle light scattering techniguyeephelometryfor mea-

tached protein molecules covalently, were determined to b&urement of the coagulation rates in conjunction with a com-
2.11+0.14 mequiv m2, puter. Scattered light intensity was followed at 10° during

100 s.

F(ab'), antibody fragments from a rabbit polyclonal im- . . .
- . 2 The scattering cell shape is rectangularhwt2 mmpath
munoglobulin (IgG) were kindly donated by Biokit S. A. length. The cell is thoroughly cleaned with chromic acid,

(Spain. They were obtained by pepsin digestion of IgG, and : N : . .
purified by gel filtration followed by protein A chromatogra- rinsed with distilled water, and then dried using an infrared
phy to remove undigested IgG. Purity was checked by Sol_amp. Equal quanF|t|e$1 mi) of salt and complex solut|ons_
dium dodecil sulfate poliacrilamide gel electrophorg§i®- anw?;ﬁ] mé)éi?cjngegngﬁg?: 'Sittoe tshheor(t:e” by an automatic
SPAGB, and the molecular weight was found to be 102 Thg latex dis ersions use?d for sucH coagulation experi-
kilodaltons(kDa). No IgG contamination was detected. The ments have to Ee sufficiently dilute to minigmize multiple
isoelectric points(IEP) of the Hab'), preparations, deter- . ; htly d . P
mined by isoelectric focusing, were in the range 4.7-6.0. scattering effetl:ts_, Wh'.|St still ha\ang an eTperlmentZII}/] con-
F(ab'), was attached to the latex particles by incubatingvenlent coagulation (‘)'{Qe- F.O r the complexes used here, a
the latex (0.4 rf) and protein solution in phosphate buffer concentration O.f X1 parpcles per m|II|I|j[er was deter-
saline (pH 7'4) at 35°C and 5 h. The samples were thenmlned to be satisfactory. Prior to the experiments, fresh sus-

centrifuged and resuspended in deionized water. The amouRENS'ONS of complexes were .SO”'C"?“ed for 2 min .to breakup
any initial clusters. The stability ratiW) is a criterion for

of protein attached to the latex particles was determined froraqe stability of the colloidal svstem
the difference of protein concentration before and after ad- y y

sorption by spectrophotometry at 280 nm. The adsorption K,

isotherm[12] shows a plateau value of 3.2 mg fin agree- W=, 1)
ment with a homogeneou$l4—17 monolayer of flat s

F(ab'), molecules with dimensions 1438x38 A3 [18]. in which the rate constamk{ describes rapid coagulation, and

Desorption of protein from the surface was tested in thek, is the rate constant for the slow coagulation regime. Thus
pH range 3-9, with ionic strengths up tM3during one the inverse of the stability ratio provides a measure of the
week, for the complexes with maximum coverage. No de-effectiveness of collisions leading to coagulation.
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In this work, the stability ratio was obtained experimen- The scattered light intensity at low angles increases lin-
tally from the rate constant of coagulation of the colloidal early with time, and then an absolute coagulation rate can be
particles measured using the low angle light scattering techebtained from the slope if the number of primary particles is
nique developed by Lips and Willigl9], where the total known.
scattering intensity for a dispersion of identical primary par- A typical experiment is presented in Fig. 1, where scat-

ticles with a time varying distribution size [20] tered intensity at 10° is recorded as a function of time for
I(t,0) five different eklactrolyte.concentra_tions. Lir)gar dependence
— = 1+2knd, (2)  is well accomplished, with correlation coefficients generally
14(0) better than 0.99. The slopes increase with increasing electro-

lyte concentration until a maximum is reached. The maxi-
mum slope(100 mM in this case represents rapid coagula-
tion (k;). The stability factor(W), calculated for each
coagulation experiment, is the ratio of the maximum coagu-
0.4- lation rate k;) to the particular coagulation ratekd).
Anomalous non-DLVO behavior is apparent from the obser-
vation of a slower aggregation with electrolyte concentra-
tions larger than 100 M.

0.3 Log;oW values were then plotted versus Jggsalf] to
determine the experimental stability domains of the colloid.
As Reerink and OverbedR1] have shown with several ap-
proximations, a linear relationship exists between,{dg
and logqc.. Their treatment is based upon the assumption
that the value of the potential maximum in the interaction
curve of two approaching spheres is approximately constant
0.1 and neglecting possible contributions from hydrodynamic in-
teraction.

wherel 4(0) is the initial intensity of light scattered at angle
0, ng the number of primary particles, ardthe rate con-
stant.

Iong

0.0 e a mEE e Ill. RESULTS

14 12 40 08 -06 -04 -02 00 The main result of this work is the anomalous colloidal
@ log__[NaCl] stability of a protein—polymer system at high.ionic str.ength,

10 where DLVO theory predicts aggregation. This behavior was
observed by Healgt al. [22] for the aggregation of ampho-
teric latex, which showed stability at high salt over the criti-
cal coagulation concentratig€CC). The minimum concen-
tration provoking this effect was described as the critical
stabilization concentratioCSCQ. The present study deals
with the influence of different experimental variables on this
behavior: surface protein coverage, pH, counterion nature,
and time.

0.5+

0.4+

0.3 r A. Influence of protein coverage

° An example of this behavior in our system is shown in
& Fig. 2 for a protein-polymer complex with three different
0.27 £ o surface coverages. At a low salt concentration, in all cases
R log,oW decreases linearly with lggsalf], reaching a limit
£ 9 aggregation stat€CCC). For high coveragdg-ig. 2(b)], nev-
0.1 ;o ertheless, a non-DLVO region appears when salt concentra-
K tion is further increased. A new linear dependence of increas-
g ing stability develops over the so called CSC. Since the
stabilization mechanism depends on protein cove(&C
decreases with increasing coveragecould be ascribed to
the nature of this layer.
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B. Influence of pH
FIG. 2. logoW vs log, [NaCl (M)] for a Rab'),—PS-PCMS

complex at pH 7.3 with three different surface coveragasl, 1.3 For a sensitized polymer with 3.2 mgof F(ab),, it is

mg m 2 (CCC of 988 mM). (b) O, 2.4 mg n2 (CCC of 846 possible to observéFig. 3 that the stabilization mechanism
mM, CSC of 16612 mM); A, 3.0 mg m? (CCC of 664 mM, does not appear when pH is below the IEP of the protein.
CSC of 13310 mM). Closed symbol, DLVO zone, open symbol, Since the protein is positively charged at this pH, it suggests
non-DLVO zone. that only cations can provoke the anomalous stabildy
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FIG. 3. loggW vs log [NaCl] (M) for a Rab'),—PS-PCMS complex with 3.2 mgTh at three different pHs®, pH 3.6 (CCC of
18010 mM); OJ, pH 5.4(CCC of 414 mM, CSC of 146:10 mM); A, pH 7.2(CCC of 747 mM, CSC of 1199 mM). Closed symbol,
DLVO zone; open symbol, non-DLVO zone.

previously reasoned for amphoteric afe2]), bubble coa- is seen. M§" shows a lower CSG49+3 mM) than C&"
lescence[23], mica [24], and deposition of latex on glass (64+4 mM). With divalent cations such as €a and
surfaces[6]). For higher pH's(around and over IERthe  Mg?*, however, conclusions are not straightforward, since
anomalous behavior is clearly visible: the higher the pH, theahe effect of these ions on biological structures are rather
smaller the salt concentration difference between CCC andomplex. From a practical point of view, however, it is note-
CSC. worthy that divalent cations provoke full unstability of the
system, even with the lower salt concentration studiEsl
mM), but they can again stabilize the suspension with an

. . : by
Figure 4 shows the dependence of aggregation on sa'l'tqtem?leq(;atlf salt coglcentrert]t.lldat ca.hO.M Na“ the system
concentration for two different monovalent counterions:\jI ‘2’8 ol ?gl unstable, while at the same concentration

(Na*, Cs") in a system with a coverage of 2.6 mg fThe g™" is stable.

expected behavior in the DLVO region, i.e., coincidence of
aggregation lines in the left of the figure, is not completely
accomplished, although differences to not have much signifi- _ . )
cance(CCC: N& 97=8 mM, Cs" 93=8 mM). At this When stablllty is studlgd for the same 'Iqtex_—protem com-
point, it should be noted that the DLVO treatment does noP!€Xes, but at different times after sensitization, a curious
take ion adsorption inside the Stern layer into account, whil@fféct is observedFig. 6). The first interesting remark in this

several authorf25—27] have shown the influence of the ion f19ure is the null influence of time in the DLVO region,
type in the double layer structure and properties. suggesting that, effectively, parameters like surface potential

In the high salt region, non-DLVO stabilization is clearly and coverage have not changée., no desorption is occur-

seen for both cations. For a given salt concentration, howtin9)- In the non-DLVO region, nevertheless, time is affect-
ever, an improved stability is observed with Narhe elec- "9 CSC, decreasing until a constant value is achieved after

trolyte concentration from which complex stabilization reap-€"n days.
pears(CSO is lower for N& (138+10 mM) than for C§
(16012 mM), suggesting a dependence of the stabilization
mechanism with the ion type.

When divalent cations, instead of monovalents, are used Figure 2 shows that the anomalous stabilization mecha-
to induce aggregatio(Fig. 5), a similar dependence with ion nism on this system can be attributed to the presence of a

C. Influence of counterion

D. Influence of time

IV. DISCUSSION
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protein layer surrounding the particle. Due to the macromoexpected for the new interfa¢@9]. An increase in bulk salt
lecular nature(famphoteric and amphiphilicof the protein, concentration should lead to specific hydrated ions adsorp-
different possibilities can be suspected as responsible for thigson into this interface. The more hydrophilic the micro-
behavior{12]. Steric effects could account for the anomalousscopic region, the larger the decrease in the free energy of
stabilization at a high ionic strength, where electrostatic inthe system, setting then a barrier for interparticle aggregation
teractions are severely diminished. In another way, electroawhich needs dehydration of the surface to ogcur
static attraction between amphoteric complex surfaces could Proteins adsorbed to a surface remain in a slow dynamic
also be a major force in aggregation, this effect being destate. Several authof80—33 point out in their conclusions
creased with increasing salt concentrations. to conformational changes of adsorbed proteins with time,
With any of these possibilities, however, a more or lesssuggesting a tendency of the system to expose more hydro-
symmetric behavior should be expected for a similar oppophilic sites to the protein-water interface, while the more
site net charge in the surface complex. The results shown iapolar sites are oriented to the hydrophobic polymer surface
Fig. 3 reveal that this is not the case. At pH 3.6, below thg29,34,35. Those changes should probably tend to minimize
IEP, the anomalous stabilization does not appear, suggestiigee energy by increasing hydrophobic contacts with surface
a relationship with ion nature. It occurs only when the netand hydrophilic exposure to the aqueous environment.
complex charge is negative, and an excess of cations is Assuming that alterations in the structure will tend to in-
present. Since cations exist in aqueous media highly hyerease the hydrophilic character of the protein water inter-
drated, while anions are practically not hydra{@5,28, a  face, we observe the experimental res{ifg. 6] to be in
relation of the stabilization mechanism with hydration of ad-line with a dependence of the anomalous stabilization with
sorbed ions seems plausible. In fact, we can observe in Figghe hydrophilic nature of the interface.
4 and 5 a dependence with ion type, increasing their effect The relation between solubility in nature proteins and sta-
with the size of the hydrated cation. bility in protein-covered particles is something difficult to
For a similar interfacéamphoteric latex with COOand  understand. Their behavior in respect to the salt concentra-
NH, groups at the surfageHealy et al. [22] described the tion is opposite, whereas they present a similar aqueous in-
same phenomena, attributing responsibility to a “hydrationterface. Proteins increase the solubility reaching a maximum,
barrier at the interface.” Hydration forces, as mentioned inand then they turn more insoluble with increasing salt con-
the Introduction, are widely recognized for hydrophilic sur- centration. Protein-covered colloids are originally stable, and
faces as strongly stabilizers. Polypeptide outer structure in become unstable with salt in the medium. At higher salt con-
polymer-protein complex can present both domains, hydroeentrations, however, they are colloidally stable again. The
philic and hydrophobic. If we assume a main hydrophobicsalt range for these two opposite behaviors is more or less
force for adsorption, enrichment of hydrophilic patches isthe same(ca. 0—1.51). The main argument to resolve this
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FIG. 5. logoW vs log, [salt (M)] for a Fab'),-PS-PCMS complex with 2.6 mgTh at pH 7.1: O, Mg** (CSC 49-3
mM); O, Ca" " (CSC of 644 mM). Closed symbol, DLVO zone, open symbol, non-DLVO zone.

apparent controversy should erase from the difference in the N o —HI

“colloidal” size (5-10 nm the protein, 200 nm the par- Vh(H):JH maPohe” T dH=maPoA“e” " (5)

ticles), which can provoke big differences in the involved

forces for solubility and/or stability. .
In an attempt to justify this anomalous behavior, an ex- S!r_me we have opserved a dependence O.f the abnormal

tension to the DLVO theory including hydration forces, andstab|I|zat|on mechanism on the salt concentration, the hydra-

its dependence with salt concentration, can be intended!®" force Sh.OUId depepd on it in the same W.ay-.'f we as-
Churaev and Derjaguifs] made a first approximation of sume, as a first approximation, that the hydration interaction

this problem including a(nonionic strength dependent energy is directly proportional to salt concentratian)(
“structural term” to the classical theory. _ 2 —HI

As in their proposal, if hydration forces are to be included Vi =ma(NaCpCe)h"e 7, ©)
in the DLVO theory, the net potential energy for the interac- ) ] . )
tion between two colloidal particles must be described by thevhereN, is the Avogadro numbe(;, is the proportionality

o)

algebraic sum of three potentials: constant that we have defined as “hydration constant,” and
the concentration is expressed itvim
Vi=Va+Ve+Vy, (3) Including Eq.(6) on Eq.(3), estimates of the total poten-

tial energy of interaction, as a function of the separation
whereV, is the London—van der Waals dispersion energydistance, were computed, and presented in Fig. 7 for a model
Ve represents the term for the repulsive electrostatic interacsystem similar to that used in the experimental section. In
tion, andV,, is the repulsive hydration interaction energy. Fig. 7(a) standard DLVO calculations are plotted for differ-
Starting from an empirical exponential function to de- €nt salt concentrations using the parameters specified in the
scribe this structural forc®(H), in the form first described caption (Hamaker constant an®¥ ;5 values have been ac-

by Marcelja and Radi5,8,37—39 quired from a specific stability studio involving a similar
F(ab'),-latex systeni41]. Figure 7b) shows the addition of
P(H)=Pge H (4)  estimated hydration forces contribution. ParameXefdecay

length and C;, (a new proportionality parameter is intro-
and using the Derjaguin approximation for spheres of radiusluced herghave been adjustgd between literature valugs
a [40] to match experimental results.
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FIG. 7. Calculated total interaction potenti@V; in kgT units) vs distance for different 1:1 electrolyte concentratidas DLVO theory.
(b) DLVO extended by hydration forces inclusion. Hamaker constant 2x 10~2° J; radius(a), 100 nm; Stern potentiall( 5), 27 mV;

decay length(\) 0.36 nm; hydration constant{), 1.1x10 °J.
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In both figures, the interaction potential maximuen- We attribute this observed aggregation change to the ex-
ergy barriey decreases with increasing salt concentrationjstence of a hydration repulsion resulting from the hydrated
and so does stability. The electrolyte concentration at whicltounterions adsorbed on the protein. This repulsive force
Vmax becomes equal to O is called the critical coagulationshould dominate the interaction at short range, when the
concentration(CCC). However, if this concentration is fur- double layer is compressed. An extension to the DLVO
ther increasefisee Fig. Th)] the barrier achieves a minimum theory, including hydration forces and its dependence with
and then starts to increase, becoming equal to O once agasalt concentration, has been proposed. The hydration force
(CSQ. The appearance of the potential barrier could accountlecays in a simple exponential manner with increasing dis-
for the anomalous stability at these high electrolyte concentance, as described in the classical models. As a first approxi-
trations. mation, we have assumed that hydration forces are directly

Figure 2b) shows, nevertheless, a striking point in the proportional to the electrolyte concentration.
inclusion of this term to the DLVO theory: the existence of a The total interaction energy as a function of separation
secondary minimum which could provoke reversible coagudistance curves, calculated by the extended DLVO theory,
lation. Dilution experiments carried out with our polymer- indicates the possible existence of two electrolyte concentra-
protein system do not show this phenomenon, otherwiséion where the energy barrier disappeé€C and CSCin

present in hydrophilic systems like silica. concordance with the experimental results. The appearance
of a deep secondary minimum in these calculations, how-
V. CONCLUSIONS ever, suggests the possible existence of reversible coagula-
tion.

Low-angle scattering measurements conducted with aque-
ous suspensions of thdd® ),—PS-PCMS system show that
the particles strongly aggregate with increasing salt concen- ACKNOWLEDGMENTS
tration as predicted by the DLVO theory. The aggregation
efficiency was maximal at the critical coagulation concentra- This work was supported by the Comisitnterministerial
tion (CCC). However, at the so-called critical stabilization de Ciencia y Tecnolog+tCICYT, Project MAT 96-1035-03-
concentrationfCSQ and above, the suspensions were moreC02. We thank Jacqueline Forcada and Joxe Sarobe for pro-
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