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Protein-surfactant mixtures arise in many industrial ammdolgical systems, and indeed, blood itself is a mixtureexusn al-
bumins along with various other surface-active componeBtwine serum albumin (BSA) solutions, and globular progen
general, exhibit an apparent yield stress in bulk rheokdgieasurements at surprisingly low concentrations. Byrasting in-
terfacial rheological measurements with corresponditeriace-free data obtained using a microfluidic rheomateishow that
the apparent yield stress exhibited by these solutionssafiem the presence of a viscoelastic layer formed due tadkerption
of protein molecules at the air-water interface. The caypbetween instrument inertia and surface elasticity inrarotied
stress device also results in a distinctive damped osmillatrain response during creep experiments known agiaieging”.
We show that this response can be exploited to extract tadacial storage and loss moduli of the protein interfadee ihterfa-
cial creep response at small strains can be described byptessecond order system, such as the linear Jeffreys manietver
the interfacial response rapidly becomes nonlinear begtmadhs of order 1%. We use the two complementary technigties
interfacial rheometry and microfluidic rheometry to exaethe systematic changes in the surface and bulk materietifuns
for mixtures of a common non-ionic surfactant, Polysori8fteand BSA. It is observed that the nonlinear viscoelastipgrties
of the interface are significantly suppressed by the preseheven a relatively small amount of surfactamt,¢ > 103 wt.%).
Preferential interfacial adsorption of the mobile suréattat these surfactant concentrations results in comeligténation of
the bulk apparent yield stress exhibited by the surfadiraetBSA solutions.

1 Introduction ity (which characterizes resistance to changes in shape at

constant area on a two-dimensional interface), is affebted
Surface-active materials like proteins, low moleculargi¢i  the structure, composition and conformation of the intssfia
surfactants and polymeric surfactants adsorb to fluid intercomponents of these mixed systetf$:1012 |n this study,
faces, effectively reducing the interfacial tension, and@v-  we focus on the interfacial and bulk rheology of a protein-
ing the interface with additional independent material@®  surfactant mixture, using solutions of a model globular-pro
ties such as surface elasticity and viscosfty The dynamic  tein, Bovine Serum Albumin (BSA), mixed with a non-ionic
interfacial properties of these adsorbed interfacial laye  surfactant polysorbate 80 (or Tween'80. We specifically
important for a number of technological applications imklu  choose Bovine serum albumin (BSA) for our study because its
ing foam and emulsion formation and stabilization in food physical properties and diverse biological functions amé-s
processing*, cosmetics and pharmaceutical induétyThe  |ar to Human serum albumin (HSA}4

interfacial viscoelasticity also plays an important ralespray When the rheological properties of globular protein solu
coating, Langmuir-Blodgett deposition, liquid-liquid utzsi- _ . : i
g 9 9 P N quid s tions such as BSA are tested in a torsional rheometer, they

tion, two phase flows and mass trandfér Multicomponent hibit vield-like behavi i sinalV | cant
mixtures of proteins and surfactants are used in many obthes <"!PIt YI€Id-IKE DENAVIOUT at SUrprisingly low: concearr

applications, and are also commonly found in many biolog-tlonS (0.03%-10%)"25 and show pronounced shear thinning

ical system&3 including blood: a mixture of serum albu- at low shear rates. This has been attributed in past stud-

mins along with various other surface-active componhts ies'>*"to the presence of Io_ng_ ranging colloidal fo_rces that
The addition of surfactants to protein solutions can substa are stronger than electrostatic interactions, and whiatl to

tially modify the physiochemical properties of the resdti an oOrdered bulk colloidal structu_re formation. In a recem p
interface?®9-11  For example, the interfacial shear viscos- per®®, we demonstrated that this apparent bulk yield stress
' and the associated shear thinning rheological responsein f

Hatsopoulos Microfluids Laboratory, Department of MecltahiEngineer- arises fr_om the pr_esence of a Vlscoe.IaStIC layer formed due
ing, Massachusetts Institute of Technology, Cambridge,02239 USA. E- O protein adsorpnon at the_ air-water mterf_ace- We U_Sed th
mail: gareth@mit.edu recently-developed interfacial double wall ring (DWHRYix-
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' o ' Lo LT tribution from the interface as:
DG _ Moo + Tsy
] — oo DG 1 DG/ Tsy
om lG 7 n--(y) = nw(C)+IDT 1)
4
10" | E
WherelgG is thegeometry-dependent length scale of the dou-
ble gap geometryFor a more detailed derivation and a more
i extensive background, the interested reader is referrédso
o 20
= 02k | work<”.
j=n 1 . . . . .
3 Every surface-active material that forms a viscoelastio fil
A 10 mgimi DG PN _— at the liquid-air interface can lead to a measurable apparen
@ 100 mg/ml DG P - . . . .
W 250 mg/m DG Q“.A ] yielding behavior, as long as the interfacial yield strabe (
e oo s eceemen 1 @ second term in Equation (1)) is significant. The presence of
107 | & 2t oo oun YYVYVyvyy e ARERY X X 1 an apparent yield stress in the bulk rheological measuremen
o ———— pl vl 4l . oua 1 iS also reported for solutions of ovalbumf saliva?3, mono-
10° 10" 10° 10’ 10° 10° 10* clonal antibodie$* and acacia gui?. In practice, the inter-

v[s]

facial contribution from surface-active components in tiaul

component fluids can be suppressed by the addition of a low
molecular-weight mobile surfactant, which competes whith t
protein for adsorption onto the interfac€-26-30 The irre-
versibility of the adsorption, the presence of heterogaseo
domains, significant interfacial phase separation at tte¥-in
face and the sensitivity of the structure of the interfaleger

to the adsorption history make accurate measurements-a chal
lenging task*3L Given these challenges, a simple exper-
imental protocol that provides a check for the presence of
surface viscoelasticity and an estimate of its magnitude in
protein-surfactant mixtures will be of broad utility.

In this study, we examine the bulk and interfacial rheo-
gical response of protein-surfactant mixtures, speadifico

Fig. 1 Comparison of steady shear viscosity of different
concentrations of BSA solutions in the double gap Couette
geometry (filled symbols) and interface-free microfluidieometer
(crossed symbols). The solid line shows the prediction efimple
two parameter model for the 250 mg/ml sample with a purely
viscous sub-phase){ = 3.53x 103 Pa s) and a purely plastic
interface sy = 2.5x 104 Pam).

ture mounted on a stress-controlled rheometer to carry out 2
series of interfacial rheological measurements in steauy @ avaluate how the addition of a surfactant to a protein solu-

. V.
oscnlatory shear. -We au_gment_e(_j these measurements W'ﬁbn changes the dynamical properties of the interface. We
bulk and interface-free microfluidic rheometry data to high first review the concept of creep ringing or “free-oscitits”

Itl)g?l;[ trr:e Istrong’];glﬂ:l(alln(;edthat .tht? mtc:rtfr?mgl Itayer h;ls M creep experiments under constant stress. We then show
Uk rheology. ctalled description of the INSWUMENtsan 1, g inertio-elastic effect impacts interfacial crempa-

setup is provided in the methods sec_tlonQAs an exa_lmple, thgurements performed with the DWR interfacial fixture, and
shear-rate-dependent steady shear viscasify(y) for differ- how it can be exploited to make quick and accurate mea-

tgurements of viscoelastic moduli for Bovine Serum Albumin

geometry on a torsional rheometer (filled symbols) and in ar’{BSA) solutions. We compare these measurements with inter-

mtrerfacg—frene]bm:crci)fluﬁl(\:/v(;aiﬁllllzailry :/lslcorgetetr 3ef\r/nrﬁ(§)h rrnfacial small amplitude oscillatory strain experiments (53)
(c 05’2%9 symbols) is sho gure ., adaptec Iror @™M&hd then study the effect of adding a non-ionic surfactant
etal~”. The total torque measured by the rheometer is the su

of a sub-phase contribution and an interfacial contrilbuti& rfbolysorbate 80) to the BSA solutions using the creep-riggi

simple additive model (shown by the solid line) captures thetechmque.

rate-dependence of the measured bulk viscosity closelig Th

model treats the adsorbed protein layer as a pure elasttepla 2 Experimental

material that undergoes yielding beyond a critical straimg

for the range of BSA concentrations studied, the interfacias 1 materials

contribution to the stress is dominated by the interfadielidy

stressty of the viscoelastic layer (which is measured indepen-Bovine Serum Albumin, extracted by agarose gel elec-
dently using the DWR). The measured bulk viscosity) can  trophoresis, was obtained from Sigma-Aldrich Corp, St.
then be written as the sum of the rate-independent Newtoniahouis, MO USA, in the form of a lypophilized powder. 0.01
viscosity of the globular protein solution.(c) and the con- M Phosphate Buffered Saline (PBS) Solution (NaCl-0.138 M;

2| Journal Name, 2010, [vol] 1-14 This journal is © The Royal Society of Chemistry [year]



KCI-0.0027 M; pH 7.4, at 25C.), was prepared by dissolv- wherensis the interfacial viscosity is a characteristic veloc-
ing dry PBS powder obtained from Sigma-Aldrich Corp. A ity, andLs andLg are characteristic length scales over which
weighed quantity of BSA was dissolved in the PBS and thethe interfacial and bulk flows decay respectival, is the
solution was brought up to the required volume in a volumetperimeter of contact between the geometry and the fluid-inter
ric flask to finally obtain solutions with a BSA concentration face, andAg is the area of contact between the geometry and
of 50 mg/ml.BSA was weighed in an Excellence XS64 Ana- the underlying fluid sub-phase. The length s¢aigthus criti-
lytical Balance (Mettler-Toledo AG, Greifensee, Switaend)  cal in determining the sensitivity of a specific test fixturén-
with a resolution of 0.1 mg. Mixtures were always prepared interfacial effects, and to ensure 8s- 1 for a wide range of flu-
batches of 100 ml, so that the amount of BSA to be weighedds, we require small values fég. The DWR geometry mini-
was large and the error was reduced (50 mg/ml x 100 ml = Bnizes the length scalg by maximizing the wetted perimeter
g+0.1 mg). In this manner, the uncertainty in weight was onlyfor a given contact area. For example, for the specific DWR
0.002%. The prepared solutions were stored under refrigerafixture used in the present study, we calcul&t’t‘—ﬁR =0.7 mm.
tion at #C and were allowed to warm up to room temperatureBy contrast, for a 40 mm diametet 2one IS = 10 mm and
before being used for experiments. All BSA solutions used irfor the double gap Couette used in this stuflf, = 59.5 mm.

this study had a concentration of 50 mg/ml unless otherwis& his makes the DWR especially suited for interfacial rhgglo
specified, which is the same as the concentration of Humanompared to other regular geometries like the cone-ang-pla
Serum Albumin in human blodd. or the double gap Couette geometry.

The surfactant used in this study was polysorbate 80 (Tween To correct for any torque contributions arising from the in-
80™, P1754, Sigma-Aldrich Corp.). To prepare the protein-duced sub-phase flow, we corrected all of our measurements
surfactant mixtures, a known amount of polysorbate 80 wasor non-linearity using the MATLAB script described by Van-
weighed and dissolved in PBS. This was then dissolved into @ebril et al?? (kindly provided by Jan Vermant, K.U. Leu-
weighed amount of BSA solution to achieve the required conven,Belgium), and confirmed that this correction did not enak
centration. To increase accuracy, solutions il < 103 any appreciable difference to the measured data for theerang
wt.% were prepared by successive dilution. We chose a norof interfacial properties that characterize the BSA sohsi
ionic surfactant because additional complications caseari studied here(see Figure SI.8 of the supplementary informa-
due to complex formation between BSA and ionic surfactantion?® and the discussion therein.) While nearly no sub-phase
molecules. If there is a favorable interaction between toe p  corrections are required for the data measured using the DWR
tein and the surfactant, the protein can adopt a very diitere geometry, in other instruments used for making interfacial
conformational state as compared to the native préeid measurements with lower characteristic values of the Bouss
nesq numbers, the sub-phase contributions to the torque mus
be carefully accounted for (see, for example, the papers by
2.2 Methods Mannheimer and Schech@€rand Oh and Slattedf. Several

Bulk and interfacial steady shear and oscillatory measuresStudies **!-3have noted the long time scales required for ad-

ments were performed using a stress-controlled torsiona?orbesg interfacial layers to reach equilibrium, with Wiega
rheometer (TA Instruments AR-G2). Bulk measurementsct @l waiting for as long as 24 hours. This effect is even
were performed using a double gap (DG) Couette fixture™ore pronounced in surfactant-protein mixtiie¥. Based

while interfacial experiments were performed using the-dou O Preliminary time sweep experiments and a consideration
ble wall ring (DWR) geometry, described in detail by Van- of evaporation times, all steady state experiments were per
debril at aPl. The DWR is an annular ring with a diamond formed with a waiting time of around 3 hours. The transient

cross-section made of a platinum-iridium alloy that sitthat evolution of the_ surface properties is also discussed priefl

air-liquid or liquid-liquid interface and undergoes irape tor- ~ te results section.

sional displacements. Complementary bulk rheological measurements were car-
When performing interfacial rheology measurements, it isfied out using a double gap circular Couette (DG) geom-

important to understand the relative contributions of thie-s  €try (rotor inner radius = 20.38 mm, rotor outer radius =

phase and interfacial flows to the total resistive torque-mea21.96 mm, rotor height = 59.5 mm, cup inner radius = 20
sured by the rheometer. The selective sensitivity of a §ipeci mm) attached to the controlled-stress rheometer. To examin

test geometry to interfacial effects, in comparison to the i the role played by the interface and the effect of added sur-
duced sub-phase flow is described by the Boussinesq Numb&ctant in bulk rheological measurements, experimentgwer

Bos Which is defined a% also performed using an interface-free microfluidic capjll
rheometer, (MVROC Viscometer-Rheometer-on-a-chip, man-
Surface Drag  (nsV/Ls)Ps  ns ufactured by Rheosense Inc., San Ramon, CA). Specifically, i

0s = sub-phase Drag (nV/Lg)As  nls @) the present study the Type AO5 chipset was used, which con-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-14 |3



sists of a rectangular cross-section channel (width 3.02  zero inertia, the straig(t) is given by
mm; depthd = 50 um) fabricated from Pyrex, mounted on a
gold-coated silicon base containing three flush mountestpre _ Do, L/ _b_’7

i o . yt)=—|t 1—exp t 4)
sure sensor¥. The nominal wall shear rate is given fy = n b
6Q/wd? whereQ is the volume flow rate through the chan- o ) )
nel. The pressure drabP along the channel is related to the The characteristic time constant for this exponentialoasp
wall shear stresg by the force balancedAP = 2t,,(w+d)l, 1S ke =1/bn. Atlong timest > 3I/bn the expected linear
wherel is the length of the channel. The viscosity is then cal-SYSt€m response is recovered but the strain is retarded by a
culated in the usual manner and is givenrpy: /. The  factori/bn and y(t) = (to/n)(t —t). Fort < 1/bn, the
maximum attainable pressuPgax measurable in the mVROC exponential ter£n in Eguatlon 4 can be expapded to obtain
type AO5 chip iSPmax = 14 kPa. The minimum sensitivity Y(t) = (Tob/21)t +0(t®) and hence the short time response
of this sensor is 1% full scale, and hereg, = 140 Pa.In is quadratic as expected from Newton’s second law. It should

calculatingy, a parabolic fully-developed profile is assumed P& noted that this short-time creep response is indepenélent
within the channel. This is true for a Newtonian fluid, but the the fluid rheology and is valid for all test fluids at sufficignt
velocity profile deviates from parabolicif the fluid used@a €21y times. . _ _ _ _
Newtonian. In such a case, the Weissenberg-Rabinowitsch- YWhen the equation of motion (Equation 3) is coupled with
Mooney (WRM) equation can be used to calculate the trué viscoelastic constitutive model, the presence of thdiaier
shear rate from the nominal shear rtedlefined abov&’. We ~ term leads to a damped os%illatory response during creep ex-
recalculated our data using the WRM equation and the resulferiments. (See referenc¢®and the Results section of this
changed by less than 1%, signifying that the behavior of thd?aPer for the exact form of this strain response). Thesé-osci

BSA-surfactant mixtures in the channel is indeed Newtanian 1atory dynamics often cloud the short time creep responde an
are generally considered undesirable. However, Struik and

others have described procedures from which one can extract
bulk viscoelastic storage and loss moduli using this ‘creep
ringing’ or free oscillatiot®#L In the present study, we show
how this bulk analysis can also be adapted in order to use
&reep ringing measurements with the DWR fixture to extract
the interfacial viscoelastic properties of an adsorbedeimo

2.3 Creep Ringing in Bulk Rheology

Inertial effects are almost always unavoidable in corngiab|
stress rheometry, especially in step-stress and impuls
response experimerits The angular acceleration of the fix- . e .
ture is retarded by the moment of inertigunits: kg n?) of f|lm. La_rsen et _al. have qbserved creep ringing while study-
the spindle of the torsional rheometer, and the attached g9 the interfacial properties of a metal oxide fiifn How-

ometry. The coupling between this moment of inertia and the€Ve"» their analysis does notinclude the coupling of thetime
fluid viscoelasticity is seen in the general equation of ooti equation (3) W'th a y|scoelast|c model. !n this paper, wepada
of the fluid in step-stress experimedts the bulk creep ringing formulation outlined above to the ex-

traction of interfacial moduli using a three-parameteedn
| viscoelastic Jeffreys model.

pV=HO©-1() ®

3 Resultsand Discussion
Wherey(t) is the strain in the samplé](t) is the Heaviside

step function,Tg is the magnitude of the step in the applied 3.1 Interfacial Creep Ringing Theory

stress and (t) is the retarding stress exerted by the sample on . _ _ i

the fixture. The double over-dot indicates the second deriva/V€ begin with the equation of motion for the DWR fixture

tive with respect to time. The paramete F,/F; is a com- and assquated spindle, and derive the interfacial copater

bination of geometric factors (units: 3nand is determined ©f Equation 3 to bé?:

by the specific instrument and geometry used. The factors |

F, = y/Q (dimensionless) anB; = 7/T (units: n1 %) are ge- b—Vz Ht)—Ts (5)

ometric parameters that convert the measured variables of a S

gular velocityQ and torqueT to shear rate/ and shear stress  The subscrips denotes a surface or interfacial quantity. For a

T respectively. It can instantly be seen from Equation (3) thastep-stress or creep experiment, the applied interfacesdsis

due to the non-zero inertia of the systertt) # H(t)to. H(t)15, wheret§ is the magnitude of the step in the interfacial
For a Newtonian fluid with viscosityy, 7(t) = ny(t), and  stress. We note that the interfacial measurement systeor fac

in the absence of inertia, the solution to Equation 3 gives th bs = F,/F; now has units of rh since the interfacial stregs

expected linear responggt) = (1o/n)t. However, for non- s a force per unit length and has units of N-hor Pa m.

4|  Journal Name, 2010, [vol] 1-14 This journal is © The Royal Society of Chemistry [year]



ﬁﬁ/ﬁ/ equation of motion for the DWR fixture

(1_;,_ &) V_;,_ [95+£:| y_|_ &y: irgt

Ns nNs 1/bs I /bs ns(1/bs) @)
1+ Us/Ns s
Gy I_—j,us +|/TT0H(U

This second order differential equation can be solved expli
itly to find the strain as a function of tin¥&:

|_J— Ts T$

yt) = 2t—B+e ™™ [Bcos(wt) + g <B— T—8> sin(wt)]

NsA
|__| I where

Gs ns
DNN\N\\N O=\Vwmrm X (9)

Ns

Fig. 2 A schematic diagram of the linear viscoelastic Jeffreys Gs/Ns+ Us/ As

model, which consists of a spring and a dashpot in parallel = W (10)

(Kelvin-Voigt element) in series with a dashpot. Note thdiidn of /s

the fourth elementt Wh.ICh. represents the instrument inertia and is B T_S’ Ns+ Us { 2AQs 1 1

the source for creep ringing. ~Gs N n (11)
S S S

Here, we introduce the factors = | /bs (units: kg nf/m?=kg)
for compactness. The viscoelastic storage mod@ysnd
loss modulussy for the Jeffreys model are given respectively
by the following expressior$

To solve this equation of motion for the DWR fixture (Equa-
tion 5), an appropriate rheological constitutive equation
the interface must be selected. Following the correspandin

bulk formulations of Baravian and Quemddand Ewoldt et (A w)2

al.®%, we model the interfacial layer of globular protein using G, = Gsﬁ (12)
a three-parameter linear viscoelastic Jeffreys modelyslio +(Mhw)

Figure 2. The model consists of a Voigt element (a spring and 2 9

dashpot in parallel) in series with a dashpgs;(units: Pa m), G! = Gs (Mow) [1+ (A — ’\21)‘2) w’] (13)
Usandns (units: Pa s m) are the three parameters in the model. 1+ (Mw)

At long times, the Voigt element attains a steady defornmatio whereA; = (s + 1s)/Gs and A, = ns/Gs are the relaxation
when loaded under controlled stress conditions and heece thje and retardation time respectively. For creep ringing t
remaining dashpotr) leads to a fluid-like response of the e gpserved, the system response to Equation 7 needs to be
gdsorbed prpteln_lnterfa@(t) = (15/ns)t). Conversely, tqk— under-damped, and hence we req@e> Geritical = A2as( 1+
ing the Kelvin-Voigt model alone, for example, would give a |, /). Under these conditions, data from creep experiments
constant strain at long times and hence a solid-like int&afa  can then be fitted with Equation 8 and the interfacial stor-
response. Since we observe a steady-state flow at long timeg,e and loss modulus of the interface can be calculated using
c_iurlng our interfacial creep expenmer_ﬂs (see the nexteuibs Equations 12 and 13 after a least square fit @grps and
tion), we use the Jeffreys model to fit our data. Tschtseg| ns is carried out. Alternatively, Struik has demonstrated,tha
provides a detailed discussion on these simple two—_ anéthre nder certain conditions (given below), the linear modafi ¢
parameter models as well as more complex multiparametge approximated directly by using the logarithmic decremen
models, and the reader is referred there for more informatio 54 the frequency of the creep ringitlgBecause Equation 5
For the Jeffreys model, the constitutive equation is, is identical to the equation of motion for free oscillatioofs
a standard torsional device, we can readily adapt Strudk’s f
mulae to obtain the following expressions for the inteidi&ci

<1+ E) To+ %Ts = Gsy+ Usy (6)  viscoelastic moduli:
n
A 2
1+ (5] ] 14)

s s
2

G, ~ Qs

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-14 |5

Equation 6 is then coupled with Equation 5 to obtain the full
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Fig. 3 Interfacial creep ringing experiments performed on 50 nhig/m
BSA using the DWR (double wall ring) geometry attached to a
stress controlled rheometer (AR-G2) for different valukapplied
interfacial stresgg. While the amplitude of creep ringing increases
with increasing stress, the ringing frequency remains éimees The
inset shows the short time response k= 3 x 10-6 Pam. The red
line is a quadratic fit to the short time response. The medstaieie
of al™ = 1.85x 104 kg extracted from the fit is in close ringing is determined only by the surface viscoelasticity a
agreement with the calculated Va|uea£f3) —172x 104 kg. the geometry of the DWR (see Equations 14 and 15). The
inset to Figure 3 shows the short time response for a creep
experiment performed af = 3 x 10°% Pa m. Using a Tay-

Fig. 4 Fit of a linear viscoelastic Jeffreys model to the short time
response of an interfacial creep experiment. While thetgime
ringing response is fit well by this model, the beginning of
deviations from linearity can be seen fas 3 s.

Gl ~ asw? (é) (15) lor series expansion of Equation 8, and neglecting cubic and
higher order terms, it can be shown that for short times that
Vais y(t) = (15/20s)t? and the short-time response is quadratic in
tand ~ ANZ (16)  time, as anticipated in Equation 4. Fitting a pure quadratic
1+ (E[) polynomial to the measured short time creep response (red i

in the inset of Figure 3), we finds<m> =1.85x 10~* kg (the
whered is the phase angley. is the ringing frequency (units:  superscriptn signifies that this is a measured quantitfhe

rad s'') andA = In(An;1/An) is the logarithmic decrement, parameters = | /bs is a characteristic parameter of the in-
(with A, being the amplitude of the'hpeak or trough). These  strumentation, since the total moment of inertia of theesyst
expressions provide estimates for the linear viscoelastid- | can be calibrated independently, and the fabtot Fy/Fis

uli without the assumption of an underlying model provideddetermined by the geometry being used (for the DWR used in
the logarithmic decreme#ktis small, and the instrumentcom-  this study,F, = 9.393 andF; = 64.94 m 2 giving bs = 0.144

pliance and fluid inertia are negligible. m?). For the experimental configuration used heréc,) was

calculated to b(aéc) =1.72x 10 * kg (the superscript sig-
nifies this is a calculated quantity)JUsing this value ofos,

To extract the viscoelastic storage and loss modulifort8BaB Equations 14 and 15 were used to estimate the interfacial vis
solutions, we used the interfacial creep ringing procedute ~ coelastic moduli from the logarithmic decrement method and
lined above. Using the Double Wall Ring (DWR) fixture, we We haveG; ~ 0.021 Pa m an@{ ~ 3.8 x 10~ Pa m respec-
measured the strain response as a function of time for diftively. Hence, from a single creep experiment, both thetiaer
ferent values of interfacial stregs in creep experiments as Of the measurement system as well as the viscoelasticiteof t
shown in Figure 3. The coupling between surface elasticitygdsorbed interfacial protein layer can be determined.

and instrument inertia leads to the periodic and exponlgntia A fit of the linear viscoelastic Jeffreys model (Equation 8)
decaying oscillations seen for< 2 s, expected from Equa- to the interfacial creep ringing experiment with= 8 x 106

tion 8. Although the amplitude of the oscillations increase Pa m was carried out with MATLAB and is shown in Fig-
with the magnitude of the imposed stra§sthe frequency of ure 4. From the fit parameters, the interfacial storage assl lo

3.2 Interfacial Creep Ringing of BSA Solutions
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moduli can be calculated using Equations 12 and 13 to give
G, ~ 0.022 Pa m aneB, ~ 4.4 x 103 Pa m respectively. We
see that the fit to the Jeffreys model is good at short timeds, bu
progressive deviations from linearity are seerntford s as the

r =11rad.s”

total strain accumulated by the interface increases. | E aanas 1180
To investigate the onset of nonlinearity, small amplitude o . AAAA‘}AA
cillatory strain sweeps and frequency sweeps with the DWR "\.iAAA .
fixture were also performed and are presented in Figures 5a ol AA\\ E d135
and 5b. In Figure 5a, the onset of nonlinearresponseinthevi = | a R ! g’
coelastic interfacial layer can be seen to occur at a straina g AA.,.—""'\.‘ ! o
plitude of yp ~ 2%. Fory, < 2%, the interfacial elastic mod- - 292222288000° o, ! o0 &
ulus Gj is larger than the interfacial loss modulG§, indi- ED—m e \-\ \.‘\.\ @
cating that the interfacial layer exhibits viscoelastiicstike | [ . cadgsteas, £
properties at small/moderate strains. The rapid collaptee A Rew phase AA‘ A '\.\ 145
magnitude ofG; and the dominance of the viscous response  10°\ a Corrected phase A \ \_\ %o
GY for strains beyongp ~ 5% is indicative of a yielding pro- [ Aassassssanasst | Rug
cess in the interfacial film. We note that the valuessgfand el — o
G{ obtained from the damped free-oscillation measurements 0 10 y 0 10
during creep ringing and the value extracted from the fit & th °
Jeffreys model (Equation 8) agree well with the correspogdi @
SAOS measurements at the appropriate frequemcyThese T . g T T
values are summarized in Table 1. From the crossover fre- I +G | a—an o180
Table1 Values of interfacial viscoelastic moduli for 50 mg/ml BSA 7i7 gzxeir::jihase E
solutions obtained by the three independent methods teskin J13s
the text; namely a fit to the linear Jeffreys model (Equatibhs = Strain Amplitude = 1% E g’
and 13), evaluation of the logarithmic decrement (Equatibh @ : %
and 15), and small amplitude oscillatory interfacial st °~‘ 107 1 ! 1 2
(SAQS, Figure 5) o ! ;
o : s
Quantity [Pa m] Log Decrement Jeffreys fit SAOS .;// lus o
G 0.021 0.022 0.022 —a X
G! 38x10°3 44%10°%  46x10°° \‘\A\A‘A/ﬁ |
A A 4 aa
1l L AR | L Loaoa 1l L Ll
quency in Figure 5b, the relaxation time of the viscoelastic 10 10° 10’
BSA interface was estimated to Re=6.5 s. o[rad:s’]
A strong case for using creep ringing observations to esti- (b)

mate the viscoelastic properties of the interfacial film eda
from the inertial effects seen fgp > 20% in Figure 5a and  Fig. 5 (a) Interfacial small amplitude oscillatory strain sweep30
for w > 20 rad s in Figure 5b. The raw phase angle ex- mg/ml BSA performed at angular frequenay= 11 rad 1.
ceeds 170 for these values of strain and frequency (filled Beyond a strain amplitude gf = 2 x 10-2 (2%), the interfacial
blue triangles), indicating the onset of inertial effecthese  film yields plastically. In the linear viscoelastic regids = 0.022
can corrupt the experimental data and limit the range of meafa m. Inertial effectsyhich are detrimental in an SAOS experiment
surable frequencies or strains in a small amplitude osoiffa ~ @nd corrupt the measuremeo&n be seen foy, > 20% (region to
measuremenBaravian and Quemad@have pointed outthat e _rl'lg?t Offthe dashed line). f(b) érgterfa;cu?lBsSrr'nA\all a}mtpﬂetu "

: . . Scillatory rrequency sweep 1or mg/m solution wi
creep ringing extends the range of_ measu_rable freql_Jer_n‘,les f;/o ~19%. Atw— 10 rad 51, G, — 0.021 Pa mAgain, inertial
a frequency SW‘."“ep test. Be_cause ”f“?”ac'a' creep _rlnglng 8 effects become dominaitt the region to the right of the dashed line
counts for, and in fact exploits, the finite moment of inedia (w > 20rad s1). From the crossover frequency, the relaxation time
the measurement system, the range of measurable freqaencigis estimated to ba ~ 6.5 .
is extended beyond what is possible in a standard frequency
sweep. From Equation 8, we see thatvaries inversely with
os, which in turn depends on the geometric fadigand hence
designing appropriate interfacial geometries with sradé-
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tlsl Fig. 7 Strainy(t) measured in an interfacial creep experiment on 50

mg/ml BSA solutions at different applied stresggs= 2 x 106 Pa
m andr§ = 1 x 10~° Pam. The solid lines show a power law fit to
the creep data for 25t < 10 s for experiments performed at two
different stresses. The nonlinearity in the material raspat large
strains is clearly visible, with both slopes deviating fraralope of
unity. The dotted lines show the quadratic response given by

Yo = (15bs/21)t2 for short timeg < 0.1 s. The inset plot shows the
value of the power-law indices at different interfaciabss values

Fig. 6 Comparison of interfacial creep compliank¢t) = y(t)/15
for different values of interfacial stres§ performed on 50 mg/ml
BSA solutions. For an ideal linear material, all curves @pdle onto
each other. Although the short time creep compliances gstia
deviations can be seen at long times, indicating onset ofinear
behavior.

ues ofas enables one to probe progressively higher frequen-TS'
cies without inertial distortions like those seen in Figbre
We note that the local peak 8, seen in Figure 5a around
Vo =~ 2% is unrelated to the onset of inertia.

The interfacial creep compliandg(t) = y(t) /13 for differ-
ent values of interfacial stregg is shown in Figure 6. For
an ideal linear viscoelastic material, the compliance esrv
will all collapse onto each other. Moreover, for the linear

Jeffreys model, the third term in Equation 8 is negligible at An examination of the parameter fits obtained from the

long times, and the strain will increase linearly with tine= < (g creep response in Figures 4 showsihat ns. In
spection of Figure 6 shows that neither of these conditions ;g |imit, the material description of the interface redsdo
satisfied for the BSA interface at large strains. While th@-co a linear Maxwell model s — 0 in Figure 2 and Equations 6-

pliance curves all collapse at short times (in the regionr@he 3y ' hs considerably simplifies the evaluation of the dine
creepringing is present), they deviate progressively feath —\is.qelastic interfacial moduli and shows that for smatists
other fort > 5 s. Figure 7 shows the strains measured dur-

) . . at least, the interfacial protein layer is modeled well bg th
ing creep experiments performed at two different stress Valsimplest linear viscoelastic model

ues on a log-log scale. At long times, the strain response of e facial creep experiments have been discussed in a num-
each curve deviates from linearity to different extengstz,r;m ber of studies in the pa&t®“° However, none of these stud-
interfacial creep compliances given bé(t)|r8:2xl0‘6 ~ 1 ies reports the distinct periodic oscillations seen dudregep
andJs(t)|;s_1,10°5 ~ %45 respectivelyThe inset to the figure  ringing. As mentioned before, to observe creep ringing, we
shows the power-law indices obtained for creep experinants requireGs > Geritical = A%0s(1+ Us/nNs). From this expres-
different values of interfacial streg§. The indices approach sion, we see that a high interfacial elastic modulus, coetbin

a constant value afi = 0.45+ 0.04 astj is increased.This  with a low instrument inertia increases the the possibiity
power-law creep response in time cannot be described by anyisible creep ringing. The double wall ring used in this stud
simple linear viscoelastic model. The Voigt element shownhas a lower moment of inertia compared to bulk geometries
in Figure 2 approaches a steady deformation at long timedike a cone-and-plate. Also, the interfacial layer formed b
and hence the interfacial stress arises solely from thenseco BSA is stiff and elastic. These two factors in conjunctioe ar
dashpot (with viscosity)s) that is in series with the Voigt ele- responsible for the manifestation of the creep ringingoesp

ment. A similar asymptotic response can be deduced for any
other, more complex arrangement of linear springs and dash-
pots in parallel. To describe a power-law creep response, a
more complex constitutive model containing ‘springpot’-me
chanical elements and incorporating fractional deritiis
required*4°.
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described in the present study.

10* —————— —
[ m  10% wt. % surfactant N
3.3 Protein-Surfactant Mixtures ® 10°wt. % surfactant N
A 10” wt. % surfactant N
The bulk shear viscosity of protein-surfactant (BSA- | [ X No Surfaclant N
polysorbate 80) solutions measured using the microfluidic | In50 mg/mi BSA N
rheometer is shown in Figure 8a for 50 mg/ml BSA solu- N
tions with different concentrations of added surfactanhe T & N X XK XK X X \_
behavior of the protein-surfactant mixtures is Newtonian t & RN
shear rates as high gs= 10* s-L. Further, for the dilute con- = [ N
centrations of the non-ionic surfactant used in this sttiuky, I N
measured shear viscosity of the mixtures is nearly indistin I N
guishable from surfactant-free BSA. We have described ear- N N
lier (see Figure 1, and Sharma et?8).how surfactant-free N
BSA solutions can show yield-like behavior in measurements (a) N
carried out on standard torsional rheometers due to the for- 10° — 1;3 - '1'04
mation of a viscoelastic film at the air-water interface. The _
microfluidic rheometer, on the other hand, measures the true vIs’]
shear viscosity of these solutions in the absence of any air- CY
liquid interfaces. Consequently, the apparent shear itihgnn R i LN AR
measured in the double gap Couette geometry (Figure 1) is F|® 10 wi % surfactant
not observed in the results presented in Figure 8a. The range 10" 3 : ;0th; éﬁ:ﬁfﬁ?m 1 3
of accessible shear rates in the microfluidic channel ismepe F : T()Brsng/ml BSA o <
dent on the geometry of the channel as well as the dynamic 10| o N1000 calb. oil on water | o © E

range of the pressure transducérsThe black lines in Fig- i
ure 8a show the operating window of the VROC device used _ 1oL
in this study. The dependence of bulk viscosity on concentra 3
tion for these dilute protein-surfactant solutions is goeel

by Einstein’s expression for suspension visco$iit and for

the dilute concentrations of surfactant used here, the dnixe
solution viscosity is only slightly higher than the surfact-

free solution. This concentration-dependent viscosity loa N
modeled using a charged suspension model as discussed in our '
previous contributior’. T N R

t_[Pa.m]

s

10* k

10° E

On the other hand, the interfacial viscosity measured using 10° 10" 10° 10' 10°
the DWR fixture for different surfactant-protein mixtures i y[s™]
so low that it is indistinguishable from the instrument ®ois (b)

floor, as shown in Figure 8b. The black dashed line shows

the minimum shgar stress that can be mgasured by the |n§tr|g|rg_ 8 (a) Steady shear viscosity of 50 mg/ml BSA solutions with
ment for the particular case of the DWR fixture. We find this yitferent concentrations of added surfactant measureukgin t
minimum measurable stress value to be approximately arfactgnterface-free microfluidic rheometer. The addition offaatant at
of ten greater than the minimum resolvable torque incremenghese concentrations makes no noticeable difference tshibar
Tstated Stated by the manufactureFsfaeg= 108 N m). Itis rheology of the BSA solutions in the absence of interfadiaats.
clear from Figure 8b that foy < 3 s™1, the measured inter- (b) Interfacial steady shear viscosity measurements ongtmim
facial stress of the BSA-surfactant mixtures is in the ranige BSA solutions containing different concentrations of atide

the noise floor of the instrument, indicating that the additi Surfactants. The black dashed line shows the measurenenofi
of surfactant markedly decreases the viscosity of inteafac the instrument, and anything below this limitis indistifghable
viscoelastic layer. from the noise floor. All solutions exhibit a power-law dedence

Gri . (26 hat for th f . of interfacial stresss on strain ratey, with s ~ y1-5. This power law
rigoriev etal™ report that for the surfactant concentration arises from an inertial artifact. Also shown, in hollow syoid) is

ranges used in this study, the interfacial viscosity of Twee ¢ interfacial viscosity of a thin layer of Cannon N1000 Nemian

80™ is ns = 107> Pa's m. Computing the stress from this cajibration oil on water. As expected for Newtonian liquids~ y.
value of viscosity and comparing it with the minimum stress

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-14 |9



limit shown in Figure 8b, it is clear that this interfaciabebs- 5.0x10°

ity is too small to be measured by the DWR used in this study

for y < 1 s7L. At higher shear rates, an interfacial torque con-

tribution from the polysorbate surfactant should be measur

able, but additional contributions from inertial effectsthe

sub-phase become increasingly dominant. It can be seen from  3g10°

Figure 8b that at higher shear rates the measured shear stres

for all of the surfactant-BSA mixtures superpose and aH fol =

low a power law of the fornts ~ y1-°. The fact that the curves 2.0x10°

remain unchanged by the relatively large variation in strfa

tant concentration (0.01 wt.%-2 wt.%) strongly suggesés th

this pronounced power law response arises from an ingrtiall

induced secondary flow of Taylor-Dean type in the sub-phase

(similar power-law corrections for fluid inertia are obseav 0.0 W8 s M s M ;

in cylindrical geometries on conventional bulk rheometrs 00 02 04 06 08 10 12 14 16 18 20

We can define an appropriate Reynolds number for the flow

induced by the DWR fixture to be Re- pRya/FypsubWhere £ 9 comparison of interfacial creep ringing experiments

p is the density of the sub-phade/s the radius of the ring,  performed on 50 mg/ml BSA solutions with different concatitns

ais the thickness of the ring, andp is the dynamic viscos-  of added surfactant. Creep ringing is absent for surfactant

ity of the (Newtonian) sub-phase. Using this definition feg t  concentrationss;t = 102 wt.% andcg,; = 103 wt.%. The black

Reynolds number, we find that for all the protein-surfactantdashed line is the expression given by the short time regpons

mixtures, as well as the pure buffer (PBS) that Regreater ~ equationy(t) = (t3bs/2!)t? which is also the quadratic fit from the

than unity and secondary flows should be expected. A detaile#set of Figure 3. The short time response is independentrédce

computation of the resulting toroidal flow in the sub-phase i €lasticity and the same for all samples.

beyond the scope of this paper but the resulting inertialrcon

bution to the interfacial stress can be extracted from tha da

in Figure 8b and is described by the empirical relationshipfactant €su= 102 wt.% andcsy = 10~ wt.%), creep ring-

Ts = 1.04 x 10-6y15 (with stress in Pa m and shear rate in ing is completely suppressed indicating that the interfase

s ). tween the air and the aqueous sub-phase does not exhibit any
Also shown for comparison in this figure (hollow circles) Measurable elasticity. The strain response is exactlydhat

is the interfacial shear stress as a function of shear ratanfo & Purely inertial system and is described by the expression

ideal Newtonian viscous interface; which can be realized by/(t) = (15bs/21)t?+ O (t%). The quadratic fit to the short time

floating a thin layer of Newtonian calibration oil (N1000,/Ga  esponse of surfactant-free 50 mg/ml BSA shown earlier in

non Instrument Company) carefully atop the PBS sub-phasd.igure 3 is re-plotted here as a blue dashed line. Since the

For this viscous interface, we achieve the desired conitio Strain at shorttimes is independent of the interfacial lbgy

of Bos > 1 and the inertial contribution from the sub-phase the quadratic fit from Figure 3 is unchanged, and accurately

to the torque is now negligible so that the measured stresdescribes the data shown in Figure 9 g = 102 wt.%

increases linearly with imposed shear rate, as expecteal for@ndCsur=10"° wt.%.

viscous Newtonian interface in the absence of inertialemrr Creep ringing is visible for the lower surfactant concentra

tions. Baravian and Quemada have emphasized that the ptens of Cyr = 10 wt.% andcsys = 107° wt.%. It is ev-

riodic oscillations seen at short times in creep experisfént ident that the change in surface viscoelastic propertigs ha

performed on a controlled-stress rheometer necessarlyim pens very rapidly over a narrow surfactant concentratingea

the presence of elasticity whereas purely viscous masediml (1074 < courf < 103 Wt.%). As before, we can estimate the

not give rise to creep ringing. We emphasize that the samwalues of the interfacial storage and loss moduli for the dif

holds true for interfacial creep-ringing experiments adl we ferent mixtures using Equations 14 and 15. From this we de-

and oscillations are visible if, and only if, substantialein ~ termine values of3}(Csurt = 10*wt. %) = 0.015 Pa m and

facial elasticity is present and the system is under-dangmed Gj(Csurf = 10-°wt. %) = 0.021 Pa m respectively.

described in the previous section. To independently check these values extracted from creep
This observation is underscored by the data presented iringing, small amplitude oscillatory time sweeps with the

Figure 9, which shows creep experiments performed on sostrain amplitude held fixed gt = 1% for Csyf = 10~* wt.%

lutions of 50 mg/ml BSA with different concentrations of and surfactant-free BSA were also performed and are shown

added surfactant. For the two highest concentrations ef suin Figure 10. Care must be taken in performing such mea-

4.0x10°

107 wt. % surfactant
10° wt. % surfactant
10 wt. % surfactant
10° wt. % surfactant| |
l.\lo s:.m‘acltanlI

1.0x10° |-

10| Journal Name, 2010, [voll, 1-14 This journal is © The Royal Society of Chemistry [year]



of surface elasticity through the quadratic inertially doated
<« No surfactant . . .
v 10°wt % surfactant response of the measured displacement at all times (see Fig-
o 10wt %surfactant |  _ ____ ure 9).
PPPRE LY e " The absence of creep ringing and markedly diminished in-
102 | <« < v’ e terfacial viscoelasticity of the BSA/Polysorbate 80 migs
' <« vvvvvvvvvv“‘“ ] shows that the addition of surfactant disrupts the strectur
< vy ] formed by this globular protein at the interface. When pro-
< ] teins adsorb at the air/water interface, in addition to con-
AL AN ] formational intramolecular changes within the protéins:54
the intermolecular protein-protein interactions resulh itwo-
10° b 4 dimensional network structure formation beyond a certain
[000000000000000000000000000000 | critical concentratiof. The viscoelasticity of the interfacial
layers manifested in creep ringing and SAOS experimenis dis
N T T cussed here (Figures 3-7) is a measure of the response of the
0 500 1000 1500 2000 2500 3000 microstructure thus formed to imposed deformations. Tihe su
t[s] face topography and the location and distribution of the hy-
_ ) _ _ drophobic and hydrophilic moieties determine the ampliiphi
Fig. 10 Tlme sweep gf the interfacial storage modulus of 50 mg/ml ~p5racter of a protein and consequently its surface activit
BSA solutions with different amounts of added surfactaie T Due to conformational constraints and improper packing, op
dashed lines mark the corresponding valu&gpbbtained from the . . . . -
creep ringing analysis. The values@f{Csyrf — 10-4 W.%) — timal quentanoq of thes<=T hydrophobic and hydrophlhcms
0.015 Pa m an@,(no surf — 0.023 Pa m match very well with at the mte'rface |s_somet|mes preventeql and proteins denot r
those obtained from the creep ringing analysisalysis of the raw ~ duce the interfacial tension as dramatically as low mokecul
phase angle for the mixture witl,s = 102 wt.% shows thatthe ~ Weight surfactants which can align and organize themseaives
surface elasticity detected by the time sweep SAOS testiisemtial  the interface more rapidly and optimafy®'% However the
artifact. presence of proteins imparts a substantially higher iatéaf
elasticity and viscosity than the corresponding low molacu
weight surfactants. The higher interfacial viscoelastiof the
surements due to the temporal dynamics that arise from theurfactant-free BSA solutions is seen in both interfaciabm
competitive adsorption of the two surface-active specié®  surements as well as in the apparent yielding behavior ik bul
elapsed time between the loading of the sample and the inimmeasurements.
tiation of the interfacial SAOS tests shown in Figure 10 is The addition of surfactants can modify the microstructure,
less than a minute in each case. For the protein-surfacta@tyuilibrium and dynamic adsorption values, and the rhéelog
mixtures, similar steady state values were reached in sticcecal characteristics of interfacial layér€'1>and the inter-
sive measurements, but the transient approach to the steaghtial properties of the mixed protein/surfactant system a
state shows substantial variation in each test. Nonetheles  also quite different from the bulk. Studies of the microstru
value of the storage modulus estimated from the creep ringture at the interface using Brewster Angle Microscopy ok Flu
ing in Figure 9 G4(Csurt = 107*Wt.%) = 0.015 Pa m) is in  orescence Microscof§ 28 or by evaluating local dynamics
close agreement with the steady state value of the time sweepsing micro-rheology reveal the presence of considerable i
shown in Figure 1065 = 0.014 Pa m). terfacial phase separation with localized surfactarit-god
The raw phase angle values measured during the time sweegpotein-rich regiond*26  Several studies show that the in-
performed on the mixture witls,f = 1072 wt.% range be- terconnected interfacial network formed by globular pircge
tween 179.3and 179.7 and the DWR response is dominated can be disrupted by the addition of surfactants through-“oro
by inertia. When a time sweep SAOS test is performed on aenic displacement” as discussed in a recent review by Klorri
pure DI water interface (not shown here), we again observend Gunning®. The surfactant molecules that adsorb at the
that the raw phase angle lies in the same range, giving an apre-existing protein interface begin to self-assemble émall
parent reported value @G ~ 5 x 10~4 Pa m. Because a pure domains, that grow in size with time and eventually disrupt
DI water interface does not exhibit surface elasticity,tba-  the protein network. The two-dimensional microstructues c
zero value of5} and the very large values of the raw phase an-ated at the air-liquid interface evolves as phase separatio
gle indicate the dominance of inertial effects. The veryléma orogenic displacement occurs and additional conformation
constant value of elasticity detected by time sweep on the suchanges slowly take place within the prot&ln Such obser-
factant mixture(Csyrs = 102 wt.%) is also an inertial artifact.  vations can be combined with temporal measurements such as
The creep ringing experiments also demonstrate the absentieose shown in Figure 10) to understand and correlate these

G,'[Pa.m]
—
A
A
A
A
<
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®  No surfactant ] the second term in Equation 1 becomes negligible in compar-
e 10°wt. % Tween 80 | 1 ison with the bulk viscosity term, and therefore the repibrte
10° £ A 107 wt. % Tween 80 |4 viscosity is simply the rate-independent sub-phase vigcos
A v 1wt % Tween 80 E Noo-
f - in 50 mg/ml BSA ] Grigoriev et al?® characterized the surface tension, thick-

ness, refractive index and interfacial viscosity of mixed a
sorbed layers of BSA/Tween 89, for 107 M BSA (~
6.7 x 10-3 mg/ml or~ 0.67 x 10— 3 wt.%) and varying sur-
factant concentrations. They determined that above surfac
tant concentration of & 10-6 M Tween 80M (~ 6.6 x 103
mg/ml), the network structure formed by BSA at the interface
is completely disrupted, and the resulting interfacialpae
ties are quite similar to the properties of an interface casap
ing of pure Tween 80, It must be noted that the average
value of critical micelle concentration (CMC) estimated by
Grigoriev et al. (based on their measurements and litexatur
vIs™] values) is 2« 107> M 26, A wide range of surfactant proper-

) ) ) ties like viscosity, conductivity, surface tension, osimpres-
Fig. 11 Bulk steady shear viscosity measurements performed on 50Sure etc. show a clear transition above the CMC. and simi-
mg/ml BSA solutions with different concentrations of added ' . '
surfactants. The black line shows the minimum viscosity itha larly for concentratlons above th.e CMC, the effect of 'added
distinguishable from the noise floor for the double gap Creuet surfactant dominates the interfacial propertfesVe also find

geometry used in this study on the ARG2. It can be seen that the that the steep drop in interfacial elasticity as a functibsur-

addition of surfactant dramatically reduces apparentrsh@aaning factant concentration (as documented through the cregp rin
and yield-like behavior in the interfacial viscosity, evien ing experiments pursued in the present study, cf. Figure 9)
relatively small quantities of surfactarts(,;s = 10> wt.%). corresponds to a surfactant concentratiag{~ 103 wt.%)

that is close to the CMC values reported for Tween*8@y

Grigoriev et al. However we also note that due to the interac-
observations with the changes that occur at the scale of théon with other surface-active species, both in the bulk and
individual domains in the interfacial layer. Even if the bul the surface, the critical concentration above which stafstc
concentrations of the surfactants and proteins are quite lo properties dominate the interfacial behavior of the migizan
the species at the interface are close-packed, and independ be above or below the CM&32
measures of interfacial concentrations are required toeeor ~ The reduction in the apparent yield-like behavior on adding
late our reported experimental response to theoreticabispd surfactant to the bovine serum albumin solutions indictitats

and will be necessary to understand the interfacial rhgaddg ~ the network structure formed by BSA molecules adsorbed at
mixed systems. the liquid-air interface is progressively disrupted by #ukli-

The apparent bulk yield stress of the BSA solutions is alsdion Of the surfactant. A similar redugéion in bulk viscgsit
influenced by the addition of low molecular weight surfac- @S been observed by Patapoff and ESueurfactants, due

tants. The bulk viscosity of 50 mg/ml BSA solutions with © their simpler structure and smaller size, are effecfinebre
different concentrations of added surfactant, is showriga FSurface active than proteins, and this is revealed in tuestu
ure 11. The dashed line estimates the minimum measurabf%t adsorpnon |so.therms as well as adsorption kinetics of su
viscosity for the combination of the double gap Couette gefactants in the mixed systeh

ometry and the controlled stress rheometer used in thiy.stud

The relationship between the minimum measurable viscosityy Conclusions

and minimum shear rate is calculated in the same way as out-

lined previously, with the same value B, = 100/ N m.  In this paper, we have first demonstrated for the DWR fixture
With the addition of even a relatively small amount of polyso how the viscoelasticity of a protein interface, couplecdwiite

bate 80 ¢surf = 10° wt.%) to the 50 mg/ml BSA solution, finite instrument inertia of a controlled-stress instrumean

the apparent bulk yield stress is lowered considerablyfand, result in a damped sinusoidal strain response during axterf
higher concentrations of surfactant, the shear thinningthe  cial creep experiments. Interfacial creep-ringing in twe d
apparent yielding are nearly eliminated entirely. Agalrist mensions is shown to be analogous to its bulk counterpait, an
indicates that the mobile surfactant molecules competle wit analysis of the data presented here indicates that this ek

the BSA molecules for adsorption at the interface. Essigntia latory motion can provide a quick and accurate measurement
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of the interfacial viscoelastic moduli. Moreover, thishiec servation provides further support for the conclusionswf o
nique is especially useful in extending the range of fregie=n  previous study®, that the apparent bulk yield stress exhib-
at which measurements can be performed, and measuremeted by globular protein solutions in steady shear expenise
points where inertial effects would ordinarily overwhelata on a torsional rheometer arises due to interfacial adsopti
analysis in regular frequency/strain sweeps can be aatesse and not out of long-ranging weak colloidal structures asesom

Since interfacial creep-ringing is inherently connectéthw  other studies have suggestéd’-22
the presence of an interfacial viscoelastic layer, thepgree  The interfacial rheological properties of proteins and sur
ringing technique provides an easy way of assessing theteffefactant mixtures are often studied using different techeg
of adding different concentrations of surfactants to aglab  to quantify the viscosity and elasticity of the interfad@er,
protein solution such as BSA. For concentrationsgfi = as these affect properties like foam and emulsion stallity
102 wt.% andcsys = 102 wt.%, all visible creep ringing mass transfer between fluft$®. But the actual use and pro-
was found to be completely eliminated. This over-damped reeessing of food products, physiological fluids like bl§8d
sponse indicates that the mobile surfactant molecules etamp saliva?®, synovial fluid and their synthetic replacemetis
with the protein molecules for adsorption at the interface a cosmetic4”:%3, etc. requires an understanding of both their
are preferentially adsorbed. Since the low molecular weighbulk and interfacial viscoelasticity. Such studies arefiur-
surfactant is purely viscous and lacks measurable elgstici sued independently of each other, but in this contributiom,
no interfacial ringing is visible. We also noted from theegpe  show that the apparent bulk rheological response can itself
ringing experiments that the change in magnitude of visel change if surface-active molecules form a strong visceelas
tic moduli is a very sharp function of surfactant concemdrat tic interfacial layer at the liquid-air interface. In thisse,
over a harrow concentration range, indicating that thermts  the extra stress contribution to the effective bulk prapsrt
only displacement of the protein from the interface, bubals originates from the stiff interfacial network formed by s&
disruption of the network structure formed between the propacked protein molecules. Indeed, solutions of bovinerseru
tein molecules at the interface above a certain criticatean  albumin, ovalbumins and other globular protéiny’1822
tration. This is in accordance with other recent findingstin | acacia gum®, and monoclonal antibodié$are all examples
eratureé’®%which have reported a sharp reduction of surfaceof strong interfacial networks because their bulk rheclogi
shear viscosity, even though a considerable amount ofiprote cal response measured on conventional torsional rheosneter
remains adsorbed at the interface. The drop in viscoelastishows an apparent yield stress due to contribution of this ad
moduli is likely to be a combination of displacement of pro- sorbed protein layer. While the quantitative decompasitio
tein molecules at the interface, as well as the disruption obf the interfacial and sub-phase contributions can be exrri
the inter-molecular network structure formed by the pliytia  out using the additive model proposed by Sharma &Pal.
unfolded protein molecules that form the interfacial layer in practice, the interfacial contribution can be minimizad

For lower concentrations of surfactant, interfacial creep adding low molecular weight mobile surfactants to these pro
ringing is still observed and an estimate of the progressive tein solutions. As we have shown in the present study, the con
duction in the storage and loss modulus can be made using tleentration of non-ionic surfactant required to suppressgim
procedures described in this paper. The complex transeent r adsorption and network formation at the interface is often s
sponse in measurements of the effective interfacial ptegser small that it does not affect the bulk properties of the oréd)i
involving surfactant-protein mixtures reported by earlie-  protein solution, at least in the present polysorbate-BgA s
searchers was also encountered in this study. The irréilersi tem. Creep experiments with the interfacial DWR fixture,-cou
ity of the adsorption, the presence of heterogeneous damairpled with the creep ringing technique described above, pro-
at the interface and the sensitivity of the structure of tive i vides a simple and rapid way of quantifying the pronounced
terfacial layer to the adsorption history add to the congplic changes in the protein/surfactant network structure forate
tions involved in interfacial rheology measuremeétft€:. The  the liquid-air interface.
DWR ring fixture provides a method for readily extracting an
overall or effective viscoelastic property of the intedaas it
evolves. Microrheological techniques combined with Brew-
ster angle microscopy will be needed to probe additionglpro
erties of these individual domaifis

We note that even a relatively small amount of the polysor
bate surfactantcg,s > 10~ wt.%) suppresses the apparent
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ence that the interface can have on bulk rheometry. This ob-
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