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Studies of a weak polyampholyte at the air—buffer interface:
The effect of varying pH and ionic strength
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We have carried out experiments to probe the static and dynamic interfacial propesieaséin
monolayers spread at the air—buffer interface, and analyzed these results in the context of models of
weak polyampholytes. Measurements have been made systematically over a wide range of ionic
strength angbH. In the semidilute regime of surface concentration a scaling exponent, which can be
linked to the degree of chain swelling, is found. This shows thaHatlose to the isoelectric point,

the protein is compact. AtH away from the isoelectripH the protein is extended. The transition
between compact and extended states is continuous. As a function of increasing ionic strength, we
observe swelling of the protein at the isoelecptit but contraction of the protein aH values away

from it. These behaviors are typical of a those predicted theoretically for a weak polyampholyte.
Dilational moduli measurements, made as a function of surface concentration exhibit maxima that
are linked to the collapse of hydrophilic regions of the protein into the subphase. Based on this data
we present a configuration map of the protein configuration in the monolayer. These findings are
supported by strair(surface pressuyerelaxation measurements and surface quasielastic light
scattering measurements which suggest the existence of loops and tails in the subphase at higher
surface concentrations. @001 American Institute of Physic§DOI: 10.1063/1.1365401

I. INTRODUCTION charged polymers, which introduce added complexity

A polyampholyte is a polymer which contains both posi- thro_ugh electrostatic interactiong This is in part through a
tively and negatively charged monoméra. weak polyam- desire to understand the properties of natural polymers, such

pholyte is one where the overall charge can be adjusted b¥S proteins and polysaccha}rides, which are usually charged.
varying external conditions, usually tipei. This can lead to Close to overall neutrality, polyampholytes collapse to a
overall neutral polyampholytes, whose net charge is zero, dfompact configuration. This is because the chain can rear-
polyampholytes which have a net positive or negative’@nge in order to facilitate attractive opposite-charge interac-
charge. The behavior of such molecules is of interest becaud®ns which leads to a compact state. Above a net charge
amongst their number are found the proteins. An understand@N"? whereN is the number of monomers aralis the
ing of the way in which polyampholytes behave, in particularcharge density, the chains swell. This is because, as the net
the transition from an open coil to a compact globule, maycharge on the polyampholyte increases, it becomes increas-
give some insight to the understanding of protein folding. ingly difficult to rearrange to a configuration that allows op-
Polyampholytes are also of interest industrially. Poly-posite charge attractions without incurring an energy penalty
mers with a net charge, polyelectrolytes, are often used a&rough the now more numerous like-charge repulsions. In
stabilizers, thickeners, and in oil recovery. However, in situ-three dimensional synthetic polyampholyte gels the swelling
ations of high salinity, commonly found in oil recovery, their transition is abrupt. As a function of ionic strength, gels with
thickening effect declines dramatically. Polyampholytes holda net charge are found to be compact at very low ionic
out the prospect of overcoming this limitation. strength, swelling to a maximum then collapsing. At very
There have been a number of theoretical approaches taigh ionic strength they swell again, this arises from the
analyzing polyampholytes, these include scaling argunfentspsmotic pressure of a large number of counterions condensed
Monte Carlo simulation$;® molecular dynamic, Flory  onto the polyampholyte. Analogies with charged liquid drop-
theory model$,and analogies with charged droplé®revi-  lets and Monte Carlo simulations suggest that, at overall
ous experimental studies on polyampholytes have looked aharges beyond theNY? threshold, polyampholytes will
the swelling of gels*" or the changes in viscosity of preak up into a “string of pearls,” where the number of
polyampholyte solutions: “pearls” is ~Q/Q., whereQ, is the threshold charge de-
The study of polymers at air-liquid and liquid—liquid scriped above andQ is the net charge. At high ionic
@nterfaces is of technological and academic intej_r%z‘s"ﬁThis strengths polyampholytes behave like polyelectrolytes
is a result of the importance of polymers at interfaces ashrough the screening of charge by counterion condensation.
stabilizers in multiphase systems and as modifiers of interfa-  peasurements of surface pressuf) ¢surface concen-
cial properties. More recently, attention has turned towardgation (') curves of interfacial layers are the two-
dimensional equivalent of pressure—volume curves and in a
dElectronic mail: lan.Hopkinson@phy.cam.ac.uk similar manner can provide information on the inter- and
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intramolecular interactions controlling the properties of thethis terminal region when the adsorbed protein is exposed to
layer. At low surface concentrations molecules move indea cleavage enzyme. Monte Carlo simulatidnand self-
pendently in the so-called dilute regime. There is a surfaceonsistent field simulatiod$ have been carried out using
concentratiod”=I"* beyond which polymer molecules start monomer sequences which replicg@ecasein on a coarse
to overlap, this marks the beginning of the “semidilute” grain level. These simulations are in agreement with the ex-
regime. The behavior of thH—-I" isotherm in the semidilute perimental observations, showing a dense surface layer and a
regime of a polymer layer can be used to measure the Floryless dense sublayer corresponding to hydrophilic regions of
Huggins exponeft which is related to the relative “com- the protein.
pactness” of a polymer molecule. Measurements of interfa-  The experiments presented here complement these stud-
cial strain relaxation can be made which, in common withies because they focus on a lower surface concentration,
comparable bulk measurements, can give an insight into movhere neutron experiments have not been done. Further-
lecular relaxations. more, we have looked systematically at the behavior of
In this work in addition to using “zero frequency” in- B-casein on buffers of a wide rangeii and ionic strength.
terfacial techniques, we have also applied surface quasielas- Douillard®® and AguieBéghin’® have used scaling argu-
tic light scattering(SQELS to probe the interfacial proper- ments to model the surface pressure—concentration isotherm
ties at high frequency. Langevfhgives an excellent review Of protein layers and interfacially adsorbed multiblock co-
of the technique and its applications. Surface quasielastipolymers. These models provide a general framework which
light scattering measures the power spectrum of the theis not inconsistent with the behavior gf-casein, however
mally driven fluctuations of a fluid interface, and from this they do not directly account for changes in behavior vith
information the viscoelastic properties of that interface cargnd ionic strength. Fainerman and Miflehave made pre-
be determined. The measured thermally driven fluctuationgictions of the shape of the isotherm at higrby consider-
typically have wavelengths of the order of 1p0n, ampli-  ing the thermodynamics of aggregates and their equilibrium
tudes of the order 2 A, and frequencies of the order 10 kHzIn the surface layer.
Here we use SQELS for two particular reasons. First, ~There are a number of key parameters important in the
SQELS probes the interfacial properties at high frequenciestudy of solutions containing charged molecules. The Bjer-
compared to any other conventional method, thus it is relfum length,lg, is the distance from a charge at which elec-
evant to rapid events found in processes such as emulsific§ostatic and thermal energies are comparable,
tion. Second, we can obtain a dilational viscosiy, which e?
is not otherwise measurable in this frequency regime. This |lg=—+—,
dilational viscosity is helpful in validating models for the Ame kg T
behavior of the surface dilational modulus with frequency. wheree is the electron charge, is the relative permittivity
In this work B-casein was used as a model, weakof water, ¢, is the permittivity of vacuumkg is the Boltz-
polyampholyte3-casein is a milk protein with a random coil mann constant and is the temperature. In water at room
structure and a molecular weight ef24 kDa. It is used temperature the Bjerrum length is 7.14 MNote that defini-
extensively in the food industry as an “emulsifier.” Its tions in the literature appear to vary, but this is normally
emulsifying properties are believed to arise from the blockybecause factors of # are required in converting between
distribution of hydrophilic and hydrophobic residues alongCGS and Sl unit$.The Debye lengthx !, gives a measure
its length. We have calculated the likely charge distributionof the distance at which electrostatic interactions are
on the protein from the published primary sequéhead the  screened out by the presence of ions in solution,
known dissociation constants for amino acids. This calcula-
) . ; —1_ - (12
tion shows overall neutrality at arouqi=5, in agreement x~"=(8mmnlg) ' @)

with the published isoelectric poiff.An overall positive net where,n is the number density of charges. In the NaCl so-

charge is found below thipH, and an overall negative Iutions: used heretp=3.035 A1Y2 wherel is the molar

charge above it. We estimate the net charge to be aroungpic strength. In this work the Debye length varies from 96

—10 atpH=9. The total number of charges on the moleculeg a1 |=0.001 M to 3 A atl=1.1 M. A final quantity of

is between 30 and 50 throughout the investigated range Ghterest is the “effective” temperature, This is given b§

pH. We observe the well known hydrophilic tail at the

N-terminal, and in addition tentatively identify two further bN

hydrophilic regions. One of these is more substantial and lies t= m ©)

in the middle of the chain, the other lies near the C-terminal B

end. whereN is the number of monomers per chab! andN~
Neutron reflectometry and ellipsometry are the numbers of positive and negative charges on the

experiment®?! have been performed ofi-casein at high chain.b is the statistical segment length of the protein. For

surface coverages. They have shown that the protein adsorjgscasein in guanidinium chloridéGdn—HC) solution the

to the interface with a thin dense layer right at the surfaceadius of gyrationRg, measured by neutron scattering is 69

and a thicker, less dense layer beneath it. It has been pré,?® thereforeb=11.7 A [since Ry=(N/6)Y%]. Clearly,

posed that this sublayer is composed of the hydrophiliave would expect the radius of gyration to vary with solution

N-terminal end of the molecule. This picture is supported byconditions, we simply use these data to show thaandb

proteolytic cleavage experimeftswhich show the loss of are of the same magnitude. In these experimems (

()
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+N7) lie in the range 30-50, therefore the system is always
in the “high effective temperature” limit. In order to reach
the low temperature limit it is necessary to use a very highly
charged molecule.

Il. EXPERIMENTAL METHODS
A. Materials

B-casein(Sigma, C-6905, 90% purevas used as sup-
plied. 1 mg/ml solutions in deionized water were prepared
from the dried, powdered protein, stored in a refrigerator and
used within 5 days. Buffer solutions were made up using
deionized(Elgastat UHQ, Elga, U.K.water. Buffers with a
range ofpH and ionic strength were prepared. bt in the
range 5.8—8.5 phosphate buffer was used, behbiw=5.8 F_IG.ll. Schematics of the S_QEL_S apparatus, with inset showing an isomet-
citrate buffer was used, and aboygH=8.5 carbonate " VieW- Symbols are explained in the text.
buffer?® To control ionic strength NaCl was added, quoted
ionic strengths also include the contribution of the buffer
salts. BufferpH were measured using an electronic meter
(ATI Orion, USA) before use.

(2) Step compression measurements, the surface #ea,
was changed by a constant amouAtA{A=0.55) at a
barrier speed of 1800 cimin. The subsequent evolu-
tion of the surface pressure was measured for 15 min.

B. Langmuir trough methods The trough area was then further reduced and the next

relaxation measured. Beyond this initial period we do

not observe further aging effects up to a period of 3—4 h,

the maximum time after spreading for which we make

any measurements. We are aware that over a period of
many hours and even days such aging has been ob-

Surface pressure vs area isotherms were measured using
a Langmuir trough with a filter paper Wilhelmy plate sensor
(Nima Technology, U.K.mounted on an active antivibration
table(Halycion, Germany both of which were enclosed in a
draft proof enclosure. These procedures, which reduce extra- _
served, particularly for adsorbed monolayers;

neous vibration, are necessary in order to carry out the , ,
SQELS measurements described below. The PTFE troughd) SQELS measurements were made during the relaxation
phase of the step compression experiments. The magni-

area 530 crhwas filled with approximately 500 ml of the o
tude of the pressure relaxation is small when compared

appropriate buffer. Surface pressure—area isotherms of the
“pare” buffer were measured before each experiment. The (O the accuracy of the SQELS measurement.

surface was aspirated and the isotherm remeasured until it

showed no increase in surface pressure on full compressioQ. Surface quasielastic light scattering
This was to ensure there was no surface contamination prior
to the addition of the3-casein.B-casein was spread on the

surface of the buffer by careful dropwise addition of theschematically in Fig. 1. The goal of such an apparatus is to

a_\pproprlate volume of the 1 mg/ml_ protein solution. The " measure the power spectrum of light scattered inelastically
tial volume of added protein solution was chosen such thaTt

o ) : . ; rom the capillary waves at the fluid interface as a function
the surface layer was initially in the dilute regime. Typically : :
. . of scattering vectorg, measured relative to the specular re-
the volume dispensed was25 ul. Lower concentrations of : . .
. . . flection. Photon correlation spectrosco{®CS9 is a conve-
spreading solution were found to lead to loss into the sub- . . o
. . nient means by which to measure the small shifts in fre-
phase on spreading. Repeated spreading was used to explaoré ; : o :
. . . : uency that this entails. The photon correlation is done in
a greater concentration range than possible with a singl L )
. . . . Heterodyne mode and so it is necessary to provide a coherent
compression. Since hysteresis is observed upon expansion : o .
source of light of the original frequency at the approprigte
value. This light is provided using a weak diffraction grating.

glr/;nr)];i\r;i?] dihacﬁrz Eir;fﬁnt?l_iggénrﬁgt?géisﬁinEeoefnmvc;rrizl:tI'raorder for the heterodyne signal to dominate the correlation
9 Y. ?unction, the ratio of the intensity of the inelastically scat-

for B-caseln in Ref. .30' The temperature of the trough Wajered light to the “reference” light must be adjusted to a
held at 22 °C by running water from a temperature controlle
value of the order of 10°.

water bath(Haake, Germanythrough channels in the base of Turming to Fig. 1: Light, with a wavelength of 532 nm, is

tmhﬁtihzn\?i?rl;:i;fsu?:ﬁz f};&:ﬁsrstuarrflgcvg/as used to avoid transp_)rovided by a 150 mW single mode diode pumped solid state

Three types of measurement were made: laser (Laser Quantum, U.K. Polarization and intensity are
’ controlled using the combination of the half-wave platé)

(1) Surface pressurél)—surface concentratioh) iso- and prism polarize(P). The beam size, profile and collima-
therms, the surface pressure was measured as the troutibn are controlled using the spatial filter, S. The gratiGy
barrier was moved at a constant compression rate of 4provides a fan of diffracted “reference” beams. The lenses
cmé/min; L1 (f=150 mmn) and L2 (f=350 mm perform two tasks;

We use a SQELS apparatus, built in house, based on a
design proposed by Earnsh#vand Had * this is illustrated

following compression to high pressure$l®10x10 3
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they converge the reference beams and the main beam toTaBLE_I. Values of the two-dimensional) and three-dimensionab@) _
single spot at the fluid interface and they focus the refeI,enCE_E]eoretlcally calculated Flory exponents, and values of the corresponding

. . (y2 andy3) exponenty (II=I"Y in the semidilute regime for different
beams and the main beam in the front plane of the photoz | cnt conditions.

multiplier, situated~2 m after the surface. The relative in-

tensity of the reference beams is adjusted by inserting a neu-  Conditions v2 v3 y2 y3
tral density fiIter(NDF} so that it interqepts the diffract.ed Extended chain 1 1 5 32
spots but not the main beam. The mirrors M1-M4 direct Good solvent 3/4 3/5 3 9/4
light from the laser onto the surface and from there into the 6 solvent ar7 1/2 8 3
detector. The light is detected using a photomultipl¥T) Poor solvent 1/2 13 ® ®

and processed using a PC-card based photon correlator
(BI9000, Brookhaven Instruments, UgAhe pulse discrimi-
nator used in the PMT is modified to allow the use of the y
“multiphoton” mode originally described by EarnshaitAt T, ()
the detector the laser light appears as a bright central spdthis was introduced by Daoud, Jannik, and de Gennés,
with a series of focused reference spots at 2—3 mm intervalfirst verified for a polymer monolayer by Vilanoteand has
away from the central spot. Each of these spots is composesince been applied to a wide range of polymer monolaffers.
of the reference beam originating from the diffraction gratingDouillard®® and AguieBeghir’® have further developed
and inelastically scattered light from the main beam. Thehese ideas to apply to multiblock copolymers. The Flory
reference beams are sufficiently weak that inelastic scattescaling exponenty, relating the chain radius of gyration,
from them can be ignored. Each spot corresponds to lighR,, to the number of monomers,
being scattered to a differeqtvalue, the mirror M4 is ad- R.N” ®)
justed in order that the appropriate reference beam falls on 9
the detector. The value for the scattering vectprand the is connected toy by y=2v/(2v—1) in 2D, andy=3v/
instrument resolution at a particularly reference spot wag3v—1) in 3D. The value of the exponents are different in
calibrated by fitting the measured correlation function for a2D and 3D chains, and expected values are summarized in
pure liquid (watep at that point. Quoted values of the inter- Table | for different solvent conditions. In 2Pis small
facial properties are the mean of values derived from fitting 5=3) for good solvents and increasesyte 8 as solvent qual-
correlation functions acquired consecutively under the samily moves towards thé conditions. Here we use the scaling
conditions, with each correlation function accumulated oveexponent as a measure of the overall compactness of the
two minutes. To reduce stray light, a mirror on the troughprotein rather than trying to link observed behavior to very
bottom deflects away from the forward direction any light specific changes. We can measure the scaling exponent from
that had not been specularly reflected by the buffer interfacghe slope of the log—log plot dil —I'. However, the slope of
SQELS data were acquired from protein decorated air-the e—II plot?® also recovers the exponenand this method
buffer interfaces maintained in a Langmuir trough as deds preferred because it is not sensitive to errors in the amount
scribed above. Data for a particular surface concentrationf spread solution. We find in all conditions that taell
were acquired with the barrier of the trough stationary, al-plot is linear in, at least, the surface pressure range 0-2
though we have found it possible to acquire data from ax10™3 N/m.
protein layer undergoing very slow compression.

D. Data analysis methods 3. Surface quasielastic light scattering

1. Dilational moduli SQELS data are normally analyzed in terms of a model
The surface pressurl, of a protein layer is the differ- treating the interfacial layer as a thin flat elastic sheet at the

P 37 38
ence between the surface energy per unit area of the bafdierface:” More recently Buzzeet al.™ have proposed a

buffer, v,, and the surface energy measured with the layer ifnedel that explicitly incorporates features of a polymer
place, y. Features in thdI-T isotherms are seen more brush into the model of the interfacial layer, introducing

clearly if the dilational moduluse, is calculated from the Pending and coupling moduli. Numerical analysis showed
isotherm, and this is then plotted as a functiorofFor an that the Buzza model would reduce to a thin viscoelastic

insoluble layer, sheet _for the interfacial Iayer_ thickness measured for
[B-casein. We base our presentation of the key results for the
. =Fd—H 7 analysis of SQELS data on the paper by Earnskeaal3’
st and refer to the paper by Buzeaal 2 for some clarification

dr-
The dilational modulus is the in-plane “dilational” elasticity a_nd ISSUEs rela_ted specifically to polymer _mo_nolgy(_ers. The
dispersion relatiorD(w) for waves at an air-liquid inter-

of the surface layer. For uniaxial stress, as found in the meaf ce. bearing a thin viscoelastic laver. is given b
surements made here, the dilational modulus is the sum ofce 9 yer.1s g y

the compressional and shear modtli. 2

. . pw
D(w)=[eq®+iwn(q+m] yg*+iwn(q+m)—— -
2. Scaling exponents

_Ti _ 2
ThelIl-I" isotherms can be described in the semi-dilute [ton(m=a)]%, )
regime using a scaling law, with exponent wherem is
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m= \/q2+iw—:, Re(m)>0, )

7 is the subphase viscosity, is the subphase density, is
the surface tensiofor transverse modullisande is the di-
lational modulus.

Solving this equation foD(w)=0 gives us an expres-
sion for the wave frequencyy, as a function of the scatter-
ing vectorg. The solutions describe both dilational and trans-
verse waves. In a light scattering experiment it is only the
transverse waves that scatter light and their power spectrun ¢
Py(w) is given by

"0 01 02 03 04 05 06 07 08 09 1

.00
kgT izmy(m—l—q)-i—eq2 &
Pq(w) = Elm D(w) (9) -0.5
The behavior of the dilational waves can be inferred because % 01 02 03 04 05 06 07 08 09 1
of their coupling to the transverse waves. A fluid—fluid in- t(107%)

terface can be modeled using a trivial modification of Eq.FIG 2 Tvoi ) . . o

. . . . 2. Typical correlation functions obtained by surface quasielastic light
(7). In the experiments carried out here a photon correlatioRcattering at subphag#i=5.24 and scattering vector=425 cnt* under
spectrum is acquired. After accounting for instrumental fac-different conditions(a) “bare” buffer; (b) 8-casein monolayer at concen-
tors this is simply the time Fourier transform,(t) of the  tration['=1x10"* g/m? and pressurél =6.3x 10" N/m. The solid lines
power spectruqu(w). The dilational modulus can be ex- f\hr: 2:2 with the model described in the text, and insets show the residuals of
panded to take into account viscous effects, '

e=e€gtime’, (10

surface'? As the surface concentration increases the pressure
starts to increase markedly, this is the point where the pro-
teins at the surface come into contact with each other and
marks the onset of the semidilute regiineI'*. The behav-

ior in this regime clearly varies with theH, with the iso-

where ¢, is the dilational modulus and’ is the dilational
viscosity. Buzzaet al. have shown that such an expansion is
not appropriate for the surface tension, ayicdshould be set
to zero. In this work data is analyzed by directly fitting the

measured correlation function with a correlation function,

P4(1), curve calculated from the interfacial propertféghe ~ therm becoming flatter as thiH, and thus overall charge, is
interfacial parameterg, ¢, and y are all fitted simulta- increased. At the highest surface concentrations the iso-

neously. An example of rawP(t) correlation data fitted therms appear to converge to a universal concentrated re-
with a modeled function as described above is shown in Figdime, where there is significant chain overlap. We can esti-
2. An alternative approach is to fit the correlation functionMate the radius of a protein molecule on the surfége from the
with a damped cosine which approximates the correlatiof/Ptum concentratlorf*_.SF ranges from 0.2510 g/mz
function calculated using the dispersion relation. Then eithefor Nigh pH to 0.5<10 g/m? at the isoelectrigpH. This
the fitted frequency and damping or values of the interfacial€@ds t0 protein radiuses that increase from 51 A at the iso-
properties which are consistent with the values of frequency
and damping can be quotédSince there are three interfa-
cial properties and only two parameters, it is necessary, in
this latter case, to make some assumptions.

I1l. RESULTS AND DISCUSSION 15
A. Surface pressure (IT)-surface concentration (I') g
isotherms Z
i 10
Figure 3 shows a selection of surface pressure =
(IT)—surface concentrationT') isotherms for B-casein =

spread on buffers at a range @fl values, measured using a sl
Wilhelmy plate. The accuracy in measurirdd is 0.02

% 103 N/m. For a single run the random error in the surface
concentration is negligible, comparing between isotherms
from different runs there is a random error of around 15% in ot : . \ : ;
surface concentration. However, once this offset in surface 0 1 Lo, 2 3
concentration is corrected for, the isotherms are highly re- I'(107g/m’)

peatable. . . FIG. 3. Surface pressurdl(—surface concentrationl'] isotherms, ob-
At_lOW concer_1trat|ons _the préssure Is very |_0W- COIT€-tained using a Wilhelmy plate, for differemH values, at constant ionic
sponding to a dilute regime of isolated proteins at thestrengthl=0.01 M.
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FIG. 4. Comparison of “static’II-I" isotherms(solid ling) to isotherms  FIG. 5. Scaling exponent as a function ofpH, for buffers with different
obtained from surface light scattering for different subphase conditiondonic strengths: A) 0.5<I<1.1; (®) 0.008<1<0.012; (V) 0.00i<I
(pointy: (a) pH=5.24,1=0.01; (b) pH=8.30, 1=0.01; (c) pH=8.34, | <0.003. Continuous lines are a guide to the eye for low salt concentration
=0.001; (d) pH=7.60,1=1.1. The scattering vectors are in the range  behavior, the dashed line for high salt.

425<g/cm~1<507. Error bars are the standard deviation of the mean aris-

ing from the average of values obtained by fitting 5 correlation functions.

standard deviation of the mean of 2—8 repeated compres-
sions, and they indicate the confidence to be expected for this

electricpH to 72 A for highpH (due to the uncertainty in the kind of measure.

. . oo 0
sprea_dmg procedure the conﬂd_ence " th|s_ result 19%). This behavior is in contrast to that observed in 3D
Figure 4 shows a comparison &f—I" isotherms ob-

tained using Wilhelmy plate methods and surface quasieIaléj—Olyl‘?.mpholytr(]3 gels, vxlllhe;]e ther_e IS a shar(;) fstep in the Igel
tic light scattering. The error bars shown for the SQELS dat%sr\]N € mr? ﬁs the or\]/elrj\ ﬁ arge ﬁ,l/;nc}:ease rom neutrality
are the error in the mean for fitting groups of five correlation rough the t reshold charge eIN"". Here we see a more

functions as described above. At low surface concentrationgradual change in the degree of swelling. In our system this

there is good agreement between the static and dynamlcrltlcal value of net charge is anticipated to bee. This

measurements. However, at higher surface concentrations tf gJree of charging is achieved atpil very close to the

value of the surface pressure measured using SQELS i |§oelectrlc point, therefore it is possible that the highly col-

around 2<10°3 N/m above the static value. This discrep- apsed state has been missed. Also, the lower dlmen5|on_of

. . Lo ... the surface layer compared to the bulk gel may play a part in
ancy is considerably larger than the uncertainty in the flttlngChan ing the nature of the transition from collansed to swol-
of the surface pressure. The onset of the deviation alway ging P

occurs close to the maximum in the dilational modulus, asFen states.. This dimensional effgct ha_s been recently ad-
in a Monte Carlo simulation of a diblock

) dressed
discussed below. polyampholyte’® where it is argued that topological con-

straints modify the 3D coil—globule transition into a folding
in 2D.

Figure 6 shows the variation of the scaling exponent

B. Scaling exponent and the semidilute regime

Figure 5 shows the variation of the pressure—
concentration scaling exponent,as a function opH. Data  with ionic strength for three ranges pH.
from experiments with three different ionic strengthsare For pH5-6, the scaling exponent decreases slightly with
included in this figure. It can be seen that the scaling expoicreasing ionic strength, corresponding to a small swelling
nent has a maximum at the isoelectric point, this indicate®f the protein. This behavior is consistent with that of a
that the protein is most compact at this point. The peak valupolyampholyte, where the screening out of opposite charge
suggests thgB-casein is close t@ condition and agrees with interactions will lead to chain expansion. An alternative ex-
very recent work on the conformation of polyampholytes. planation for this small effect is that increased ionic strength
As thepH is varied away from the isoelectric point the ex- facilitates a small increase in overall charge leading to an
ponent decreases, approximately linearly with g€ This  overall chain expansion due to the increased importance of
change in the exponent corresponds to a swelling of théike charge repulsions.
polypeptide. The decrease inis more dramatic at low, The exponeny is constant with for pH7.5—-8.5, mean-
indicating that screening charge interactions decreases tlieg that the polyampholyte tendency to contract is balanced
swelling effect of a net charge on the molecule. The expoby the net charge present on the molecule at piht
nenty changes more rapidly on the lopH side of the iso- For pH9-10, the scaling exponent varies considerably
electric point, as expected, since the calculated net chargeith ionic strength. It exhibits a minimum at arourd
changes more rapidly here than it does on the lpghside  =0.003 M, i.e., below this value dfit decreases with in-
of the isoelectric point. Where indicated, error bars are thereasing ionic strength and above it it increases. This mini-
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different pH: (A) 9<pH<10; (@) 7.5<pH<8.5; (¥) 5<pH<6. Lines

; FIG. 7. Dilational moduluseg obtained from surface pressure isotherms
are a guide to the eye.

over a range of subphase conditiof®. and(c) show the effect of varying
the ionic strength at fixed pH, (b) and (d) the effect of varyingpH at
fixed I.

mum in the scaling exponent corresponds to a maximum in
the chain swelling, and the nonmonotonic behavior would
appear consistent with polyampholyte behavior at low ionic(€) to probe the behavior as the protein is further com-
Strength followed by po|ye|ectr0|yte behavior at h|gher jonic pressed. Dilational moduli—surface concentration p|OtS for a
strength. This conclusion is probably incorrect though, berange ofpH and ionic strength are shown in Figure 7. Each
cause at the same ionic strength as the minimum in the scdigure contains data where one piff and ionic strength is
ing exponent (: 0.003 I\/D we find gross Changes in the held constant whilst the other is varie(da.) Shows data for
dilational modulus isotherms. Above this ionic strength therefixed pH=9.5 and ionic strength varying from 0.001 to 1.1,
are two peaks in the dilational modulus and below there id1ere two peaks are seen én one at around’=0.8x10"°
only one. As discussed in detail below, these features prot/n* and the other at around X802 g/n?, the magnitude
ably correspond to gross changes in the surface configuratid¥ both of these two peaks increases as a function of increas-
of the protein, with parts of the molecule moving into the ing ionic strength. At the lowest ionic strength the peak at
subphase. It is therefore possible that the minimum in théower I' is not apparent(b) Shows data for fixed ionic
scaling exponent arises from this gross structural changgirength=1.1 andpH varying from 5 to 9.5. Once again two
rather than a Change in behavior of an essentia”y homogpeaks are observed in the dilational modulugat0.8 and
enous series of protein configurations. The distribution ofL.5X 10~ g/m?, although they shift to slightly higher as
positive and negative charges @icasein is nonrandom, it PH is reduced. In contrast to the data(&, the magnitude of
may be that some of the features seen are due to this nof?e peak ai’=0.8 increases with reducingH but that at
randomness. Theoretical wéfisuggests that correlations in higher I decreases in magnitudé) Shows data for fixed
the sequence of positive and negative charges are importatl=5.0 and ionic strength varying between 0.001 and 1.1,
when the correlation length is of a similar size to the esti-here only a single peak in the dilational modulus is observed
mated charged blob. For the opposite extreme, where th&hich shifts to slightly highef" as ionic strength is reduced
charge sign alternates, the effect is unimportant. The value ¢ind shows little change in magnitude. Finally) shows data
the scaling exponent at higit and low salt is in fair agree- at fixed ionic strengt0.001 andpH varying from 5 to 9.5
ment with the prediction that a polyelectrolyte will behave asonce again only one peak in the dilational modulus is ob-
an extended chaif*? served, this shifts to highér with increasingoH and reduces
Our experimental results can also be compared to previn intensity.
ous results on the swelling of 3D polyampholyte gels as a  Note that increasing ionic strength corresponds to reduc-
function of ionic strength, where nonmonotonic swelling be-ing the electrostatic screening length from 96 A to 3 A. In-
havior has been observed as a function of ionic strengttereasingoH above 5 leads to increased overall charge on the
English et al1° found a maximum in gel swelling, Nisato Protein.
et al® see only a minimum in swelling as a function of in- Previously, forg-casein, only a single peak in the dila-
creasing ionic strength. tional modulus at lowel" has been commented upon, being
attributed either to the collapse of the N-terminal end of the
protein into the subphagd,or to looping of parts of the
molecule in the subphas@We propose that the first peak
The scaling exponents in the previous section probe theorresponds to the tail collapse in the subphase, and that the
proteins when they have just started to come into contactecond peak arises from the collapse of a second region of
with one another. We will now use the dilational modulusthe molecule into the subphase, this may well be the loop

C. Dilational modulus: e-I" isotherms
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face. At low concentratiol’ the molecule lies on the surface with a “pan- < - ¢ A ’
cake” configuration. Adl" increases, first tails then loops of molecule are E 8 AA‘i AL 8'- A 8 A
forced into the subphase. A - vy A A
6 AV - v 6| .
A
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region identified by examination of the primary sequence 2 2t pl R
discussed above. These transitions that depend on concentr i . 5
tion, pH and| are illustrated schematically in Fig. 8. 107102 10" 10° 107102107 10° 107 107 107 10°
To our knowledge no synthetic system, even a multi- Tonic strength (M)

block copolymer, has been shown to exhibit two maxima in

o . . _FIG. 9. “Configuration maps” at fixegpH and varying, obtained frome,—
the dilational modulus as a function of surface concentration g P w yind at

[T isotherms. A) are the location of maxima irg—Il plots and {V)
correspond to minima. Shaded areas, lab¢jedndtg, guide the eye to
regions of decreasingwith increasindl. We tentatively associatg as the
region where the molecule forms tails in the subphase,tarat where it
additionally forms loops.(a) 5<pH<6; (b) 7.5<pH<8.5; (c) 9<pH

We have further analyzed these data by observing the 10
pressures where maxima and minima in the dilational modu-
lus occur, as a fu.nctlon. opH and ionic strength(l). By_ Moving to Figs. 10b) and 1Gc) one sees thatl, broad-
considering a maximum ie as the onset of a conformation L ; - .
o . - ens with increasind, and the loop transitiontg shifts to-
transition and the successive minimum as the end of the

. : o o ' . Wards the uppell limit of our study.
transition, we are in the position to present “configuration . : .
Y . We note that previous studi@have shown thg-casein
maps” of the protein monolayer.

In Fig. 9 we show the effect of ionic strength. ShadeOImonolayer to wholly collapse into a multilayer at pressures

. ) . . around 210 3 N/m, so for[I=20x10"3 N/m it would
regions are for surface concentrations wheie decreasing, L : o
: . . o . not be very significant to explaie behavior in terms of
these are the regions in which transitions between configu-. .
single molecule conformation.

rations occur. The transition corresponding to the first peak The concentrations at which the peaks in the dilational

in € is labeled ag, (we are proposing that this is the tall . .
L o .~ modulus occur are consistent with the calculated area cov-
protruding in the subphageand the transition corresponding

to the second peak i (this would be the looping of some

D. Dilational modulus: Surface transitions

segments The most obvious effect of salt addition is to 20 20 20
move all transitions to highdd. This means that transitions v ‘
become more energetically costly the more charge interac- 18 vg @ 8 o 18 A ©
tions are screened. From Fig. 9 it is now clear how a two 16 16} 16 s
peak structure turns into a single peak for very lovat the 1 Z\ v " v M i 44
isoelectricpH, Fig. 9a), one sees that the transitiog does s v £ Ly
not occur at lowl. This is consistent with the picture that a §12 . r v 1y ™
neutral polyampholyte is compact and tightly folded. Thus ¢ 14 10 a 1 10} ©
there no tail can easily be submerged. On the contrary at the 2 a 4y '
other limit of high pH in Fig. 9c), the tail transitiont, e 8 A A 1 3 :A“ . -
appears well defined and at lovit disappears all=0, 6 ~ 6 - 6 *
meaning that the tail is already submerged'atI'* when al 2 d 4 * g; i
the polymers first come into contact. t A

In Fig. 10 we show the effect gfH. The general feature 2 q 2 2
is that as theH increases and the molecule develops a net 0 0
charge, all transitions occur at lower surface pressure. B a8 p}{.s o -5 75 10

In Fig. 10a), low |, one sees that the talil transitiog is
not resolved frontg at pH5, and emerges frorpH around  FIG. 10. “Configuration maps” at fixed and varyingpH, obtained from
7.5. It is very thin, meaning that the energy difference be-s-II isotherms. &) are the location of maxima ies—I1 plots and {/)
tween conformations with the tail submerged or on the sursorrespond to minima. Shaded areas, labéjedndtg, guide the eye to

. . . . regions corresponding to a decreasingith increasingll. We tentatively
face is very small. Also it appears thg{ is moving toll associatd 4 as the region where the molecule forms tails in the subphase,

=0, thus confirming that at highH and lowl we expect the  angt, as where it additionally forms loopsa) 0.001<|<0.003; (b)
tail to be spontaneously submerged. 0.008<1<0.012;(c) 0.5<1<1.1.

Downloaded 05 May 2001 to 131.111.8.68. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 114, No. 19, 15 May 2001 Studies of polyampholyte at the air—buffer interface 8667
-4
40 40 x10
- @ ~ 20f 3
£
§ 30 = 30 (a) + (b)
20 20 315 % 5
S 10 Z10 £ 1o &
o o
04 .1... [ ] 08 [ - :1 + +
0 1 2 0 1 2 — =
-3 2 -3 2
(107 g/m") I (10°g/m") \}
0
40 40 % 3 6 9 1 0 3 6 9 12
30 230 @ 0 (10*s7) 0 (10*s™)

z z . -
20 =20 FIG. 12. Frequency dependence of the dilational mod(duand dilational
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« 10 « 10 high concentration region, where the high frequeadyg consistently lower

0" of oo than the statie,. Solid lines both in@) and(b) are the result of fitting the
0 0 1 2 data in(a) with the model described by E¢l1). In (a) the € value plotted

[ (103g/m%)

at w=0 is e from the compression isotherm.
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FIG. 11. Comparison of “static’e—I" isotherms(solid line) to dilational
moduli obtained from surface light scattering for different subphase condi- L . @
tions (points: (a) pH=5.24,1=0.01; (b) pH=8.30,1=0.01; (c) pi=8.34,  Of the surface layer would have a similar signattreucas-

1=0.001; (d) pH=7.60,1=1.1. senet al. find (here we use the notation of Langetfin

1+Q )

€= €st| T | tie] ————— |, (11
ered by the protein with, successively, a terminal tail and a 1+20+20 1+20+20
loop in the subphase. The peaks shift to lower concentrationghere() is the reduced frequency,
with increasedH, this is consistent with the protein extend-
: ; i i D dc 1
ing as more groups dissociate. The lower concentration peak Y i U (12)
reduces in magnitude g#l increases, whilst the higher con- 2wdl o7

centration peak increases in magnitude with increapiig  \yherep is the diffusion coefficient of the surface species

This is not unexpected, the free energy cost of forcing &, js the bulk concentration of adsorbant and thuss

longer loop into the subphase increases with 100p lengthy,e characteristic time for this process of segment exchange
since the ends of the loop must be constrained to the intelsarveen surface and subphase

face. The entropic cost of tail submersion depends less on
length, as only one end is held at the surface.

F. Dilational modulus: SQELS as a function of
high surface concentration

g at

E. Dilational modulus: High frequency By varying the scattering vector at which we collect

Figure 11 shows dilational moduli, obtained using SQELS data we vary the frequency, of the capillary
SQELS as a function of surface concentration, comparewaves we observe. These data can then be tested against Eq.
with the values obtained from the stafit—I" isotherm. At  (11). This is done in Fig. 12. The data are in the high surface
low surface concentration the static and dynamic valuaes of concentration regime where the static dilational modulus is
are very similar, in common with the surface pressure mealarger than the SQELS modulus. A fit to the real part of the
surements. At higher surface concentrations the dynagic, dilational modulus was made by varying the parameter
value lies considerably below the static value. Once agaiand the static dilational modulug;. Fitted values ares
the divergence of static and dynamic results occurs at 0+=9.2x10 3 N/m and7.=12 us. The value of from the
shortly before the first major maximum in the dilational compression isotherm is 20103 N/m. If we estimate the
modulus. The dynamic value of the dilational modulus onlyvalue ofdc/dI" from data presented by Graham and Phffips
ever contains one strong maximum, unlike the static valughe value ofD obtained in this way is 7810 ' m?/s. The
which sometimes exhibits a peak at higher surface concen-ucassen model produces values of the dilational elasticity
tration. The significantly reduced value of the dynamic dila-and viscosity of approximately the right magnitude, with the
tional modulus as compared to the static value has often beerorrect dependence on frequency, however, our data show a
observed with soluble surfactartfsin these systems the dif- value of the complex part«{X €') which is larger than the
ference arises from diffusion of surfactant out of the surfaceeal part €) and this cannot be accounted for by Efjl).
layer during the period of the dilational waves at the surfaceThe discrepancy may be due either to a systematic error in
This has been described theoretically by Lucasseal®®  the determination of the dilational viscosity or to the fact that
and Hennenbergt al** Here we do not anticipate a gross the type of behavior we anticipate is simply not modeled
diffusional motion of the protein into and out of the surfacewell by these expressions. Since the proposed mechanism is
layer at such high surface concentrations. However, it isiot simply diffusion into the bulk, the fitted values af
probable that the motion of parts of the molecule into and outnight not have a real physical significance.
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FIG. 13. Dilational viscosities obtained from surface light scattering for energy difference between absorbing and desorbing the tail
different subphase conditionga) pH=5.24, |=0.01; (b) pH=8.30, | is small. Assuming, as we have found, that an expression
=0.01;(c) pH=8.34,1=0.001; (d) pH=7.60,1 =1.1. such as EQq.(13) holds, then the relaxation timep can
be obtained from the static dilational modulus and the dy-

Figure 13 shows values of the dilational viscosity ob-namic dilational modulus and viscosity measured at a single
tained using SQELS. We have not measured low frequenc{feauency,
values with which to compare this data. However, we find
that the dilational viscosity g8-casein is very similar to that D=
reported in the literature for other polymer monolayers mea- we
sured by SQELS? The dilational viscosity exhibits a maxi- The results of this analysi&lata not showhare consistent
mum at the same surface concentration as the maximum I\W/r[h the more Comp|ete frequency measurements. Such re-

€0 Est

(14)

!

the dynamic dilational modulus. laxation times have been measured using SQELS by a num-
ber of groups for a number of polymer systems. Monroy

G. SQELS as a function of g at low surface et al*® found an Arrhenius temperature of the relaxation

concentrations time for polyvinylacetate(PVAc) (M,,=90000), at the

In the previous section data from a rangecpfectors ~ Overlap concentratiod™. The relaxation time decreased

(and thus frequencigsvere introduced for layers at high from 80 us at 1°C to Sus at 25°C. Monroy also finds
surface concentrations. Here we consider similar data ad€laxation times for mixed monolayers of PVAc and fdly
quired at low surface concentrations. Figure 14 shows dilalydroxystyreng (P4HS." The relaxation times are shorter
tional modulus and viscosity as a functiongpfor a protein for higher surface coverages and for larger fractions of the
with surface concentration 0:810" 3 g/n? on a buffer with ~ PVAC. Brownet al*’ find relaxation times of this magnitude
pH=8.3 andl =0.01 M. This corresponds to a point close in Which reduce as a function of increasing surface concentra-
concentration to the first peak in the dilational modulus,ion for —polymethylmethacyrlate-poly-4-vinyl - pyridine
where the dynamic values of dilational modulus lie slightly diblock copolymers. Richardst al*® find decreasing values
above the static valuesee Fig. 14d)]. We fit these data of the relaxatloq t|me_ at lower concentrations, fqr PMMA-
using a Maxwell fluid model, i.e., a serial combination of a Polyethylene oxide diblock copolymers, but at higher con-
spring and dashpot, characterized by a single relaxation tim&entrations the relaxation times increase with increasing con-

7. The complex dilational modulus is given by centration. Mizunogt al®® a!so fin_d.a Maxwell relaxa'gion,
, and they note that its physical origin can be a potential bar-
Tp) T rier to desorption.
€= et em(—Dz + ew—Dz , (13 P
1+(wmp) 1+(wmp)

where the first term is the dilationélasti modulus and the H. Pressure relaxation data

second part is the dilational viscosity,; is the static dila- We have carried out “step compressions,” where the
tional modulus.e., is the amplitude of the relaxation, amgd  surface layer is compressed at a constant rate for a short time
is the frequency of measurement. The fit to the data is showand the evolution of the pressurél) is then measured for

by a solid line, a single relaxation time of 2&. We believe about 15 min, following which the next compression is per-
that this relaxation time is related to a tail submersion evenformed. Similar measurements on other systems are reported
during the period of the dilational wave. It only appearsfor example by Monroyet al*® Such measurements have an
strongly at highpH and moderately low, that is, as dis- obvious parallel with step strain measurements made on bulk
cussed abovgsee Figs. 9 and Ipthe conditions where the materials.
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0.6 15 parallel to the compression, and can also bring the mono-
= @ M (®) layer to a transient state where the strain in the direction of
z 03 A v glo + compression is greater than in the normal direction. We fur-
= R ‘l’ W = ther suggest that below the “loop transition” pressure
N Fea e 5 +VAV (which is in most conditions arourld =10x 10" N/m, see

v 4% | . j’ Fig. 10 the surface pressure relaxations can be understood
=035 To 0 30 % 70 0 20 on the basis of the concavity of the equilibrium-I" iso-
IT (107*N/m) IT(107*N/m) therm. On the contrary, above the loop transition, a fast com-
1 - 14 pression does not give time to the monolayer to equilibrate
= © 4 @, with the subphase, and thus one cannot refer to the equilib-
z 05 a v 210 rium isotherm.
o s Aya v v = In Figs. 18b) and 15%d) we show the time scales, and
;ca o= e76 4 ;hﬂ T, respectively, of the fast and slow relaxations, as a func-
A *V s 0 tion of the equilibrium pressurl .
-0.5; T 30 o o o 30 Noskov' has modeled these relaxations, and his work is
T (107> N/m) I (10~*N/m) relevant to understanding the observed relaxation time

scales. He describes the interfacial relaxations as analogous
FIG. 15. Parameters describing the relaxation of pressure after a “stept-o the Rouse-type relaxation modes of a bulk gel and how the
compression,” fitted with the form shown in E(L5). (A) correspond to a . .
buffer pH=5.60,1=0.1 and {) to pH=8.32,1=0.01. presence of loops and tails of the polymer in the subphase
leads to some degree of entanglement.

We find that a single exponential decay is insufficient to,, concLUSIONS
fully describe the dat#éthis was also observed in Ref. 30 at
highIT), but that in every case the spectra can be fitted with We have measured the interfacial behaviorBetasein
a sum of two exponentials with well separated time con-as a function ofpH and ionic strength with high frequency
stants, light scattering and conventional methods. We find scaling

tr s exponents in the “semidilute” regime that agree with calcu-

Mt =Tlxe "+ Tge e+ T, (19 lations reported in the literature for either polyampholytes or
whereII, and Iz are the amplitudes of relaxations with polyelectrolytes, depending on the charge present on the pro-
time constantsr, and 7g. We find that the fast mode time tein. In particular, we find that close to overall neutrality the
scale is 28< 7, /s<50 and the slow mode time scale is 300 protein molecule behaves like a random walk; as fiReis
<7g/s<700. Il is a constant pressure offsghe equilib-  moved from the isoelectripH the protein expands continu-
rium pressurgandt is the time since the end of the last ously almost reaching an extended chain configuration. At
constant rate compression. Figure 15 shows fitted values fdrigh pH and very low salt concentration, where the protein is
these parameters from two sets of step compressions, meaverall negative, we observe an effective swelling then
sured on buffers at the isoelectqd with 1=0.1 and at deswelling of the chain as a function of increasing ionic
pH=8.3 with I =0.01. These buffer conditions are chosenstrength. At higher ionic strength the chain acts like a poly-
because they correspond to very different isotherms. The ralectrolyte. Here only short range interactions are possible
tio between successive areas is alwAYS A=0.55. We are  and, since the chain is overall charged, these interactions will
exploring a more complete range of subphase conditions ante predominantly repulsive, weakening as the screening
we refer to a future work for a complete presentation of theséength is further reduced thus leading to deswelling of the
results>° chain.

Figures 1%a) and 1%c) show the amplitudedl, and Interfacial relaxation times have also been measured us-
I15, respectively, of the fast and slow relaxations, as a funcing both surface quasielastic light scattering and strain relax-
tion of the equilibrium pressurél.. One sees a general ation measurements. These suggest that at low surface con-
trend for the relaxations to become bigger as the pressumentrations the proteins act like independent disks, whilst at
increases. At low] negative values of bothl, andIlg are  higher surface concentrations the layer forms an entangled
sometimes found. These are puzzling, as a negative ampliretwork with Rouse-type relaxation modes.
tude reflects the fact that the pressure increases after the The dilational modulus exhibits one or two peaks as a
compression has ended. Although the data presented is tdonction of surface concentration, depending on the buffer
limited to support a strong conclusion, we observe that negazonditions. These peaks are associated with the collapse of
tive amplitudes for the slow modelli) occur only for hydrophilic parts of the molecule into the subphase and we
buffer conditions that present a “tail submersion” transition, present a “configuration map” showing the dependence of
and then only around the transition pressure. these surface transitions @i and ionic strength. We sug-

We believe that the fast mode is connected to relaxatiomest, tentatively, that the peak at lower concentrations corre-
of stress in the direction parallel to the compression, and thagponds to the penetration of a tail from one end of the mol-
the slow mode is connected to stress relaxation between thexule and that at the higher concentration is associated with a
parallel and normal directions. These stresses arise becaus®p. This conclusion is supported by the discovery of pro-
the fast step compression induces a concentration gradieapective loop and tail regions in the amino acid sequence of
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