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Microrheology tracks the evolution in the linear and nonlinear mechanical properties of 

layers of the protein lysozyme adsorbing the air-water interface as the layers undergo a 

viscoelastic transition. 
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We report experiments studying the mechanical evolution of layers of the protein lysozyme adsorbing at the air-water interface

using passive and active microrheology techniques to investigate the linear and nonlinear rheological response, respectively.

Following formation of a new interface, the linear shear rheology, which we interrogate through the Brownian motion of spherical

colloids at the interface, becomes viscoelastic with a complex modulus that has approximately power-law frequency dependence.

The power-law exponent characterizing this frequency dependence decreases steadily with increasing layer age. Meanwhile,

the nonlinear microrheology, probed via the rotational motion of magnetic nanowires at the interface, reveals a layer response

characteristic of a shear-thinning power-law fluid with a flow index that decreases with age. We discuss two possible frameworks

for understanding this mechanical evolution: gelation and the formation of a soft glass phase.

1 Introduction

When an aqueous protein solution forms an interface with

air or an oil, the protein molecules can discover the inter-

face through diffusion and adsorb.1 The adsorption process

is commonly believed to include conformational changes to

the protein that lift hydrophobic substructures out of the aque-

ous surroundings. As the interface ages, it becomes increas-

ingly crowded with adsorbed protein, and its rheology changes

dramatically.2 The mechanical properties of interfacial protein

layers are an important aspect of their biological function, as

in films that form on lachrymal secretions3 and saliva4, and in

their role in biomedical and food processing technologies.5

In particular, the mechanical behavior of interfacial protein

layers can enhance the stability of droplets and bubbles in

emulsions and foams.6,7 Protein layers are fragile, molecu-

larly thin, and spatially heterogeneous films whose properties

evolve with time. These features complicate traditional in-

terfacial rheometry measurements and often make results dif-

ficult to interpret. Recently, microrheology techniques have

shown promise as an alternative method to characterize the

evolving mechanical behavior of protein layers.

The basic approach of microrheology, which is most often

employed to study bulk materials, involves tracking the mo-

tion of colloids embedded in the material to probe its mechan-

ical properties. Passive microrheology connects Brownian
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fluctuations of colloids to a material’s linear shear response.

Active microrheology infers the drag on colloids driven by an

external forcing and relates that drag to mechanical response

through a linear or nonlinear model relating stress and strain.

Applying microrheology to an interfacial system like a protein

layer presents particular challenges. The theory supporting

microrheology assumes Stokes drag, which is subtle in two

dimensions.8 Moreover, colloidal probes at an interface expe-

rience drag forces from both the interfacial layer and from the

underlying subphase. Since no exact closed-form solution for

the drag on a membrane-bound object exists, one must rely on

analytical and numerical approximations that apply in various

limits.9–13

Nevertheless, despite these challenges, microrheology has

found increasing application in the study of films at fluid-fluid

interfaces including not only protein layers14–18 but also poly-

mer layers,19–21 lipid monolayers,11,22–25 and particle-laden

interfaces.26,27 This work has included studies of both the lin-

ear shear rheology and nonlinear mechanical response of in-

terfacial films. Recently, our group investigated the interfa-

cial microrheology of layers of the protein β -lactoglobulin at

air-water and oil-water interfaces.15,16 These experiments in-

cluded both active and passive microrheology measurements

that enabled us to track the transition from viscous to elas-

tic mechanical behavior as the layers form. In both β -

lactoglobulin adsorbing to the air-water and to an oil-water

interface, the microrheology revealed a viscoelastic transition

consistent with gel formation. However, features of the transi-

tion, such as the rate of layer formation and degree of spatial

heterogeneity, varied strongly between the two cases.15,16
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Although the viscoelastic transition in protein layers is of-

ten ascribed to network formation through intermolecular as-

sociation,2,5,28–31 and indeed the evidence from microrheol-

ogy for gelation in β -lactoglobulin layers supports this sce-

nario, other mechanisms for the onset of elasticity in pro-

tein layers, particularly involving glass transitions, have been

proposed.32–35 Therefore, in an effort to understand better

those aspects of the viscoelastic transition in protein layers

that are universal and those that are system specific, we have

conducted a microrheology study of layer formation at the

air interface of lysozyme solutions. As described in Sec-

tion 2 below, layers formed by lysozyme at the air-water in-

terface are good candidates for microrheology investigations.

Our study included passive measurements, which tracked the

Brownian motion of spherical colloids at the interface, and

active measurements in which the rotational motion of mag-

netic nanowires at the interface was employed to infer layer

rheology. The experimental methods are described in Section

3. As described in Section 4, the passive measurements pro-

vide information about the linear frequency-dependent shear

modulus of the layers, while the active measurements probe

properties of the layer’s nonlinear stress response. Together

the measurements track the interfacial rheology as it evolves

through a viscoelastic transition with increasing layer age. We

discuss in Section 5 two possible frameworks for understand-

ing this mechanical evolution: gelation and the formation of

a soft glass phase. Finally, Section 6 offers some conclusions

from the study.

2 Background

Lysozyme is a single-chain globular protein comprised of 129

amino acids with molecular dimensions 3.0 × 3.0 × 4.5 nm3

and molecular weight 14,300 g/mol. The molecule is consid-

ered a “hard” protein that is rigid against conformational fluc-

tuations, due in part to the presence of four internal disulphide

bridges. Correspondingly, lysozyme is stable against denat-

uration over an unusually large range of bulk solution condi-

tions. However, it readily adsorbs at the air-water interface,

and interfacial rheometry measurements on mature interfacial

layers reveal that they can acquire pronounced elasticity.31,36

The structural properties of adsorbed lysozyme layers have

been studied in detail by neutron and x-ray reflectivity.37–39

In addition, surface-sensitive spectroscopies have interrogated

the conformational state of the absorbed molecules.40,41 In-

terpretation of the reflectivity measurements has led to debate

about the structure of adsorbed lysozyme. While neutron re-

flectivity results indicate that the lysozyme retains its glob-

ular structure with no significant denaturation, time-resolved

x-ray reflectivity results indicate that the molecules initially

adsorb in a flat, unfolded structure. Evidence for conforma-

tional changes is further provided by Fourier transform in-

frared spectroscopy, which indicates adsorbed lysozyme con-

tains antiparallel β -sheets that are absent in the native struc-

ture.41 However, no direct evidence exists for the breaking

of the internal disulphide bridges are upon adsorption. In ab-

sorbed layers of other protein species, such as β -lactoglobulin,

the formation of intermolecular disulphide bridges is seen as

an important feature of layer formation. By characterizing the

viscoelastic transition in interfacial lysozyme layers, we seek

to correlate properties of the viscoelastic behavior with possi-

ble structural models to provide further insight into the layer

formation.

As described in the next section, we focus our study on

lysozyme solutions with a fixed bulk concentration of 0.05

mg/ml, for which the reflectivity indicates dense monolay-

ers form at the interface.37,38 Specifically, this concentration

is near the upper limit at which the thickness of mature lay-

ers, approximately 3.0 nm, is the same as more dilute lay-

ers. At somewhat higher concentrations, the layer thickness

increases, indicating a reorientation of the molecules at the

interface, presumably due to crowding. At far higher con-

centrations, lysozyme can form multi-layers at the air-water

interface. However, those concentrations are two orders of

magnitude greater than in the present study.37 Hence, in this

study we consider monolayers of protein.

3 Experimental Methods

3.1 Sample Preparation

Lyophilized powder of chicken-egg lysozyme (Sigma Aldrich,

purity of 98%) was mixed gently42 into 10 mM sodium phos-

phate buffer, pH 7.4, at room temperature to obtain solutions

with 0.05 mg/ml protein. The solutions were employed within

minutes of preparation. For the measurements, samples were

contained in a 1-cm inner-diameter cylinder with an inner

surface whose bottom half was aluminum and top half was

Teflon, so that when solution filled the cell to the appropriate

level, the aluminum–Teflon seam pinned the air–water inter-

face, creating a flat surface with no meniscus. To begin, we

filled the cylinder nearly to the seam with 0.5 ml of the pro-

tein solution. The age of the sample ta was measured from

the moment the cell was filled with solution, creating a fresh

interface with the air. A spreading solution containing either

spherical or nanowire colloids (discussed below) was prepared

in advance and sonicated to disperse any colloidal aggregates.

In addition to the colloids, the spreading solution contained

equal parts buffer solution and isopropanol (IPA). To intro-

duce the colloids to the interface, we touched a 10-µL droplet

of the spreading solution to the surface. The solution wet

the interface, depositing colloids uniformly over the surface.

Evaporation of the IPA typically caused convective flows at

the interface that persisted for about one minute. All measure-
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ments were performed only after these flows ceased. After

each experiment, the sample cell was cleaned thoroughly by

scrubbing and sonicating in Alconox soap solution, acetone,

and IPA, and then rinsed repeatedly in deionized water.

We note the presence of the IPA in the spreading solu-

tion could potentially influence layer formation at the inter-

face. Measurements of the sample mass over time indicated

that some of the IPA evaporated within seconds while the rest

mixed into the bulk, where if uniformly distributed it consti-

tuted at most 1% of the solution. While lysozyme is stable

in such dilute IPA solutions at room temperature, the near-

surface IPA concentration was likely larger at times shortly

after application of the spreading solution, and the protein can

denature at IPA concentrations above 20%.43 Further, even at

concentrations below which the alcohol does not denature the

lysozyme, its interactions with the protein could affect the pro-

tein’s hydrophilicity, which would impact its adsorption prop-

erties. To understand the possible effects of the IPA, we per-

formed additional experiments using pure buffer as the spread-

ing solution and found that the IPA did not significantly affect

the interface’s subsequent rheological properties. Because we

achieved better surface coverage of colloids by including IPA

in the spreading solution, all results discussed here were ob-

tained with this sample preparation.

3.2 Passive (Brownian) Microrheology

For the passive microrheology measurements, we employed

charge-stabilized polystyrene spheres (Interfacial Dynamics

Corp.) with radius 0.5 µm. We observed the colloids at the

interface using an inverted bright-field microscope with a 40X

objective (WD 2.7-3.7 mm, NA 0.6). A video camera (Nikon

D3100) recorded a 300×170-µm field of view at a rate of 30

frames per second, which set the shortest time over which

probe motion could be characterized. (The exposure time

was approximately 0.033 s, the inverse of the frame rate.)

Video was captured continuously, so that, in principle, probe

trajectories could be followed for arbitrarily long durations.

However, for analysis, the videos were divided into segments

whose duration was restricted by the evolving dynamics at the

interface during layer formation.

We extracted probe trajectories from the video using a cus-

tom Python implementation44 of the widely-used Crocker–

Grier multiple-particle-tracking algorithm.45 We accounted

for static and dynamic errors in the particle tracking, which

can qualitatively distort microrheology measurements if left

uncorrected.46 Typically between 30 and 200 probes were

in view at any time, constituting up to 0.3% surface cover-

age. As the experiment proceeded, some probes encountered

each other and aggregated, reducing the population of usable

probes. Also, we corrected for drift of the probes at the inter-

face, which was more severe than in a typical bulk microrhe-

ology measurement, by subtracting the average velocity of the

ensemble from that of each particle.

In general, particle mobility in an interfacial film is affected

by drag from both the film and from the adjacent bulk fluid

phases. The bulk contribution is most important when the

interfacial viscosity is small, and theories have been devel-

oped to separate the contributions.10,11,13,47–49 When the in-

terfacial viscosity is large or the layer is viscoelastic, the sub-

phase contribution is less important, and, as described below,

the measurements on lysozyme layers were in this regime. In

this case, under appropriate conditions, one can obtain the

frequency-dependent interfacial shear modulus G∗(ω) from

the Brownian motion of the probes through a two-dimensional

version of a generalized Stokes-Einstein relation,19,21

G∗(ω) =
kBT

πiωFu{〈∆r2(t)〉}
(1)

where 〈∆r2(t)〉 is the particles’ ensemble-average mean-

squared displacement and Fu{〈∆r2(t)〉} is its unilateral

Fourier transform.

3.3 Active Microrheology

3.3.1 Magnetic Nanowire Probes. For the active mi-

crorheology measurements, we employed ferromagnetic

nickel wires, whose fabrication has been described else-

where.50 The wires, which had radius Rw = 0.175 µm

and lengths L from 5 to 30 µm, possessed a large mag-

netic moment (µ/L = 3× 10−14A ·m2/µm) parallel to their

axis. The wires were hydrophobically functionalized with n-

octadecyltrimethoxysilane (OTMS) and spread onto the inter-

face as described above. The functionalized wires make a con-

tact angle at the air–protein solution interface of θc = 79◦±1◦,

as determined previously,15 implying the wires were approxi-

mately half-submerged.

3.3.2 Microscopy with in situ Magnetic Fields. Custom-

built “magnetic tweezers” mounted on an inverted microscope

(Nikon TE2000), were employed to apply time-dependent

magnetic torques to an isolated wire at the interface.14 The

tweezers, consisting of two sets of four solenoids with ferro-

magnetic cores positioned symmetrically above and below the

microscope focal plane, could produce fields in any direction

within the focal plane. A feedback mechanism in the electron-

ics controlling the tweezers created rise times below 2 ms for

a step change in the field. A high-speed camera (Photron Fast-

cam), recording a 70 µm × 70 µm view at frame rates up to

1000 fps, captured the wire’s motion. The wire’s orientation in

each video frame was determined by analyzing the gray-scale

image and treating the brightness of each pixel as an effec-

tive mass to calculate the principal “inertial axis”. With this

procedure, we could resolve the orientation with an estimated
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precision of ±0.1◦, a tenfold improvement over our previous

method.15

3.3.3 Measurement Procedures and Analysis. Measure-

ments of layer response to applied magnetic torques on wires

were performed in the time domain using step changes in

magnetic-field direction of 90◦. Prior to the change in field

direction, the field was oriented parallel to the wire, and hence

to the wire’s magnetic moment. Following the change in field

direction, the wires experienced a magnetic torque,

Γmag = µBsinθ (2)

where θ is the angle between the wire axis and the field, caus-

ing the wires to rotate in the plane of the interface. Each mea-

surement was repeated at several field values to test for lin-

earity. In most cases, fields between 30 and 50 Gauss were

selected since they caused the wires to rotate with angular ve-

locities that were well matched to the video frame rate. At

some later ages, when the layer imposed larger resistance to

the wire rotation, field values up to 100 Gauss were employed.

In the low-Reynolds-number conditions of the measurement,

the magnetic torque was balanced by the hydrodynamic drag

and/or any elastic stresses from the interfacial layer and sub-

phase. In the case of a simple viscous drag,

µBsinθ = ζrθ̇ (3)

where ζr is the drag coefficient. The solution to Eq. (3)

gives the resulting time dependence between the field and wire

axis,51

θ(t) = 2tan−1

[

exp

(

−
µB

ζr

(t − t0)

)]

(4)

where t0 is an experimental parameter that accounts for uncer-

tainty in the time that the wire begins rotating in response to

the field change and can differ from zero by an amount up to

the time between video frames. For such a viscous interface,

the relative contributions to the rotational drag from the inter-

face and subphase are parameterized by the Saffman length,

l0 = ηs/η , the ratio of the interfacial viscosity ηs to the sub-

phase viscosity η . When the wire’s length L < l0/10, the in-

terface dominates the drag, and one finds47

ζr = 1.48L2ηs (5)

As described below, in the active microrheology measure-

ments on lysozyme layers, we observed that in some cases the

rotational motion of the wires was consistent with simple vis-

cous drag, Eq. (4). However, in other cases, particularly at

large layer age, we observed deviations from Eq. (4) that we

identify as a consequence of a nonlinear response by the layer

to the stress imposed by the rotating wire. Specifically, we

find in these cases that the layer’s response is well described

as that of a non-Newtonian, power-law fluid. A power-law

fluid is characterized by the stress-strain relation

σ = Kγ̇n (6)

where σ is the stress, γ̇ is the strain rate, K is known as the con-

sistency, and the exponent n is known as the flow index. When

n = 1, Eq. (6) reverts to the stress-strain relation of a viscous

liquid, while n < 1 and n > 1 correspond to shear-thinning

and shear-thickening behavior, respectively. More generally,

power-law fluids are a special case of Herschel-Bulkley fluids,

which are characterized by a power-law stress-strain relation-

ship above a yield stress, σ0,

σ = σ0 +Kγ̇n (7)

Such non-Newtonian response is observed in a wide range of

soft disordered materials including paints, plastics, polymeric

solutions, and food products.52

Adopting a power-law fluid response like Eq. (6) to describe

the wire motion under the influence of a magnetic torque leads

to

µBsinθ = (ζplθ̇)
n. (8)

where the nonlinear drag coefficient ζpl has dimensions (N ·

m)1/n ·s. An analytical solution to Eq. (8) for θ(t) is not avail-

able; however, the inverse function t(θ) is:

t(θ) =

[

ζpl

(µB)1/n

n

1−n

]

× (9)

sin1−1/n θ 2F1

(

1

2
,

n−1

2n
,

3n−1

2n
; sin2 θ

)∣

∣

∣

∣

θ

π/2

− t0

where 2F1 is the ordinary hypergeometric function and t0 is the

same small experimental parameter introduced in Eq. (4). As

described below, we employ this form with n < 1 to analyze

the wire rotation in the lysozyme layers. However, we empha-

size that Eq. (8) should only approximate the torque relation

in a power-law fluid. A more precise relation would need to

account fully for the flow generated in the layer around the

wire, and specifically for its spatially varying shear gradients,

and would not lend itself to straightforward comparison with

experimental results. Nevertheless, as shown below, Eqs. (8)

and (9) accurately capture the rotational motion of wires in

lysozyme layers, indicating a nonlinear response characteris-

tic of a power-law fluid.

4 Results

4.1 Linear Rheology

The rheology at an air interface with the lysozyme solutions

evolves quickly following the formation of the interface, with
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viscoelastic behavior emerging within minutes in the passive

measurements, consistent with reflectivity studies that indicate

lysozyme adsorbs rapidly at the air-water interface.39 Figure 1

shows examples of the ensemble-averaged mean-squared dis-

placement 〈∆r2(t)〉 of the colloidal probes at a several ages

ta since creation of the interface. For reference, the mean-

squared displacement of colloids at the air interface of pure

buffer containing no protein is also shown. In the absence of

adsorbing protein, 〈∆r2(t)〉 varies linearly with lag time in-

dicating simple viscous drag with a viscosity consistent with

water. At the interface of the protein solution, the mobility

of the probes evolves rapidly at early layer ages; therefore,

〈∆r2(t)〉 at each age is determined based on video segments

of limited duration (less than one minute). For this reason, the

maximum lag time t is restricted to t ≤ 1 s to assure adequate

statistics. Within the resulting limited dynamic range, 〈∆r2(t)〉
is well described as a power law, 〈∆r2(t)〉 ∼ tα . As shown

in Fig. 2, the power-law exponent α steadily decreases with

increasing age, signifying increasingly subdiffusive particle

motion. Following analysis based on the generalized Stokes-

Einstein relation, Eq. (1), power-law behavior in the mean-

squared displacements of the colloidal probes, 〈∆r2(t)〉 ∼ tα

with α < 1, implies the lysozyme layer’s linear shear modu-

lus, G∗(ω) = G′(ω)+ iG′′(ω), has power-law frequency de-

pendence, G′(ω) ∼ G′′(ω) ∼ ωα .53 The significance of this

power-law frequency dependence and its evolution with layer

age is discussed in Section 5 below.

4.2 Nonlinear Rheology

As in the passive microrheology, the active nanowire mi-

crorheology reveals a pronounced evolution in the mechani-

cal behavior of the lysozyme layers with increasing layer age.

Close inspection of the results in the active measurements

and comparison with those from the passive measurements,

however, show that they probe a different aspect of the layer

response, specifically its nonlinear rheology. For example,

Figs. 3(a) and 3(b) display the angle θ between an 11-µm-

long wire and an applied magnetic field as a function of time

following a 90◦ step change in the direction of the field at layer

ages ta = 2700 s and 8200 s, respectively. At early ages, such

as ta = 2700 s (Fig. 3(a)), the wire rotates rapidly in response

to the magnetic torque so that the angle between the wire axis

and the magnetic field relaxes fully to zero in a short time, and

the response at these ages is consistent with the wire experi-

encing simple viscous drag. The dashed line through the data

in Fig. 3(a) shows the result of a fit using the form for viscous

drag, Eq. (4), which agrees closely with the data. Such agree-

ment is observed at all layer ages up to ta ≈ 3000 seconds.

The interfacial viscosity extracted from the fit using Eq. (5) is

21 nPa·m·s, which implies Lη/ηs ≈ 2, near the lower limit of

interfacial viscosity where Eq. (5) is a valid approximation for

10−1 100

t [s]

10−2

10−1

〈∆
r2
〉
[µ
m

2 ]

140 s

310

450
550

no protein

Fig. 1 Ensemble-average mean-squared displacements of 0.5-µm

radius colloids at the air interface of a lysozyme solution (0.05

mg/ml, pH 7.4) at ages ta = 140 (squares), 310 (diamonds), 450

(triangles), and 550 (solid circles) seconds since formation of the

interface. Also shown is the mean-squared displacement of the

probes at the air-buffer interface in the absence of protein. The solid

lines are the results of power-law fits.

102 103

ta [s]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

α

Fig. 2 Power-law exponent characterizing the ensemble average

mean-squared displacements, 〈∆r2(t)〉 ∝ tα , of colloids at the air

interface of a lysozyme solution as a function of the age since

formation of the interface.
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the drag coefficient.

Notably, this value of interfacial viscosity, 21 nPa·m·s, is

the same order as that measured previously on β -lactoglobulin

layers at early ages15. However, as described in Section 4.1

above, during this span of early ages where the active mea-

surements appear consistent with a viscous layer, the pas-

sive measurements show increasingly viscoelastic behavior.

This apparent discrepancy results from the active measure-

ments accessing a nonlinear rheological response from the lay-

ers. Hence, one should not interpret this result as the linear,

zero-shear-rate viscosity of the lysozyme layers. The nonlin-

ear nature of the response is shown clearly in analysis of the

nanowire rotation at later ages when the shape of θ(t) be-

comes no longer consistent with simple viscous drag. This

change is illustrated by the dashed line in Fig. 3(b), which

shows the result of a fit using Eq. (4) to the data at ta = 8200

s and which reveals pronounced deviations of θ(t) from the

viscous lineshape. Such systematic deviations are apparent in

the angular response of the wire at all ages greater than 3000 s.

The solid line through the data in Fig. 3(b) depicts the result of

a fit using the power-law-fluid form, Eq. (9), to the data with

n≈ 0.6. As the fit illustrates, good agreement between the data

and Eq. (9) is found for all ages. That is, for ta < 3000 s, best

fits with Eq. (9) give n ≈ 1 and are indistinguishable from fits

with Eq. (4), while at later ages n< 1, implying shear-thinning

behavior. We note that for shear-thinning power-law fluids,

the apparent zero-shear-rate viscosity ηapp ≡ σ/γ̇ ∼ σ1−1/n

diverges in the limit of small shear stress, consistent with the

nearly elastic response observed in the passive microrheology

at ages greater than 3000 s.

While Eq. (9) describes accurately the angular rotation of

the wire through the protein layer, the nonlinear nature of the

hypergeometric function makes obtaining stable values for n

and ζpl through fits using Eq. (9) problematic. However, an

alternative approach to modeling the power-law-fluid response

is obtained by rearranging the torque balance relation, Eq. (8),

to get

ln(θ̇) =
1

n
ln(sinθ)+ ln

(

(µB)1/n

ζpl

)

(10)

Thus, the power-law-fluid model predicts that the logarithm

of the time derivative of θ(t) varies linearly with the loga-

rithm of sin(θ) and that the inverse of the flow index 1/n is

the proportionality constant. As a test of this prediction, Fig. 4

shows results for the wire rotation at a series of layer ages plot-

ted in this way, where the values of ln(θ̇) are obtained from

θ(t) through the Savitzky-Golay smoothing algorithm.54 As

the figure indicates, the data follow a linear relationship as

expected from Eq. (10). Further, we find that linear fits with

Eq. (10) provide a more reliable method of obtaining n than do

direct fits to θ(t) using Eq. (9). For instance, the change from

n ≈ 1 at early ages to shear-thinning behavior at late ages is

10−3 10−2

t [s]

0

π/4

π/2

θ

(a)

ta = 2700 seconds

10−2 10−1 100 101

t [s]

0

π/4

π/2

θ

(b)

ta = 8200 seconds

Fig. 3 Angle between the axis of a 11-µm-long Ni nanowire and

external magnetic field as a function of time following a step change

in the field direction of 90◦ at interface ages (a) ta = 2700 s (B = 30

G) and (b) ta = 8200 s (B = 60 G). The dashed lines in (a) and (b)

are the results of fits to the data using a form based on simple

viscous drag (Eq. (4)), and the solid line in (b) is the result of a fit

using a form based on drag from a power-law fluid (Eq. (9)).

6 | 1–11

Page 7 of 12 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



−2.0 −1.5 −1.0 −0.5 0.0
ln (sin θ)

−8

−6

−4

−2

0

ln
(

d
θ d
t)

1
1

1

1.5

Fig. 4 Logarithm of the nanowire rotation rate as a function of the

logarithm of sin(θ), where θ is the angle between the wire axis and

external magnetic field, at interface ages ta = 1320 seconds (red

circles), 2700 seconds (blue triangles), 3600 seconds (green

squares), 5100 seconds (purple diamonds), and 6600 seconds

(orange inverted triangles). The solid lines are the results of linear

fits. The slope increases with layer age from near one at early ages

to above 1.5 at late ages.

seen clearly in the change in slope of the data in Fig. 4. Figure

5 displays the values of n extracted from fits using Eq. (10)

as a function of layer age. The flow index appears to undergo

an abrupt decrease around ta = 3000 s from n ≈ 1 to n ≈ 0.7.

(The data could also be interpreted as a steady decrease in n,

but one should not expect that n extrapolates at early times to

values greater than one, which would imply shear-thickening

behavior.) The values of n obtained for the lysozyme layers

at late ages are typical of shear-thinning materials that behave

as power-law fluids, where in most cases 0.3 < n < 1 is ob-

served.55,56

While the success of Eqs. (9) and (10) provides strong evi-

dence that the layer response in the active microrheology ex-

periments reflects the nonlinear rheology, this nonlinear be-

havior is more directly demonstrated in the dependence of the

wire rotation rate on the magnetic-field strength B. Since the

torque on the wire is proportional to B, a viscous-like linear

response from the layer should lead to a rotation rate that is

similarly proportional to B. Figure 6(a) shows results for the

rotation angle from a set of measurements at ta = 8200 s at var-

ious field strengths with time scaled by B. In contrast to the

expectations of linear response, the curves at different B fail

to collapse. Better scaling is achieved assuming the nonlinear

relation between rotation rate and B implied by the power-law-

fluid form of Eq. (8), as shown in Fig. 6(b).

0 2000 4000 6000 8000
ta [s]

0.6

0.8

1.0

1.2

1.4

n
Fig. 5 Flow index n as a function of layer age. At each age, n is

determined from measurements at several magnetic-field values.

The error bars incorporate both statistical variation in n and

measurement uncertainty.

A common property of the rheology of shear-thinning,

thixotropic materials is a recovery period following applica-

tion of a nonlinear stress during which the shear-altered struc-

ture relaxes back to its quiescent state. We searched for such

effects in the active microrheology on the lysozyme layers by

varying the waiting time between wire rotations and by vary-

ing the sequence of magnetic field values. We found no dis-

cernible transient behavior for waiting times as small as 2 sec-

onds, the minimum we could access experimentally.

Another key feature of the protein-layer response in the ac-

tive microrheology is the steady evolution of the timescale of

the response as the layer ages. This evolution is characterized

by the dependence of the power-law drag coefficient ζpl on

layer age, as shown in Fig. 7. Because the dimensionality of

ζpl depends in n, for consistency Fig. 7 shows values obtained

by fitting θ(t) at different ages using Eq. (9) with the flow

index fixed at n = 0.70, its average at ages ta > 3000 s. As

Fig. 7 indicates, ζpl grows approximately exponentially, im-

plying a dramatic slowing of the layer response with increas-

ing age. This trend is insensitive to the precise value of n used

to obtain ζpl . This quasi-exponential increase in the drag is

very similar to the behavior seen in earlier studies employing

nanowires in active microrheology of protein layers formed

from β -lactoglobulin and albumin.15,17 In those earlier stud-

ies, the angular motion was analyzed using a form equivalent

to Eq. (4), thus assuming a simple viscous response. How-

ever, even in those cases, evidence suggested the nanowire

microrheology was accessing nonlinear properties of the layer
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Fig. 6 Angle between wire and magnetic field as a function of time

scaled by magnetic field strength B for field strengths of 60 (circle),

70 (triangle), 80 (square), 90 (diamond), and 100 G (inverted

triangle). In (a) time is scaled linearly with field strength; in (b) time

is scaled by B1/n with n = 0.6, the value obtained from fits to θ(t).
The interface age is ta = 8200 seconds.

2000 4000 6000 8000
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40
50
60
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80
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Fig. 7 Power-law drag coefficient ζpl as a function of interface age.

Values are obtained at a range of field strengths as indicated in the

legend and are determined from fits using Eq. (9) with the flow

index fixed at n = 0.70, the average value at ages ta > 3000 s.

rheology.15 Here, the nonlinear nature of the response is seen

clearly in the values of the flow index n at late ages and in the

nonlinear scaling in Fig. 6(b). We note that we repeated the ac-

tive microrheology measurements on lysozyme layers several

times and found that, while an evolution to shear thinning like

that depicted in Fig. 5 was reproducible, the precise values of

n at late ages varied between trials, and we observed instances

of layer formation in which the response remained essentially

viscous-like (n ≈ 1), with a viscosity that rose dramatically

with age much like ζpl in Fig. 7. While we do not have a firm

explanation for this variation in n between trials, we believe

these observations support the conclusion that the response

shown by the lysozyme layers and those reported previously

for β -lactoglobulin and albumin share the same basic features

of nonlinear behavior characteristic of power-law fluids.

5 Discussion

5.1 Nature of the Viscoelastic Transition

The linear and nonlinear rheology of lysozyme layers revealed

by the passive and active microrheology, respectively, provide

a coherent picture of the layers’ viscoelastic transition. In

this section, we discuss two frameworks in which to interpret

this transition: the formation of a soft glass phase and criti-

cal behavior associated with gelation. These two frameworks,

while not entirely mutually exclusive, imply different possible

microscopic mechanisms driving the viscoelasticity. As dis-

cussed in Section 2 above, reflectivity and spectroscopy stud-
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ies of lysozyme layers have led to a debate about the degree

that lysozyme unfolds upon adsorption. Since the intermolec-

ular interactions at the interface will depend on conformation,

understanding the microscopic origin of the viscoelastic be-

havior of the layers can potentially contribute to this debate.

As discussed below, both frameworks are successful in ac-

counting for some but not all aspects of the observed evolution

in shear rheology.

5.1.1 Soft Glassy Rheology Model Weak power-law fre-

quency dependence of G∗(ω), like that implied by the power-

law growth in 〈∆r2(t)〉, is characteristic of the rheology of

a broad range of disordered complex fluids including con-

centrated microgel solutions,57 foams,58 paint,59 intracellular

matrix,60 compressed emulsions,61 clay suspensions,62 and

liquid-crystal nanocomposites.63 In most cases, the power-law

exponent typically lies in the range α ≈ 0.1 to 0.3. The soft

glassy rheology model,64 which explains this response as a

general consequence of structural disorder and metastability,

provides a unifying theoretical framework for this behavior.

Cicuta et al. have identified layers of β -lactoglobulin spread

on the air-water interface as such soft glassy materials.34 Sig-

nificantly, no specific interparticle associations are required

to form soft glassy phases, and purely repulsive interactions

within a crowded interface would be sufficient. Thus, the pic-

ture of lysozyme layers as soft glasses is consistent with the

protein retaining its native conformation upon adsorption. In

the model, α serves as an effective noise temperature, with

systems approaching a glass transition as α → 0. Thus, within

this picture the steady decrease in α with layer age seen in

Fig. 2 points to increasingly glassy dynamics characterizing

the structural response of the lysozyme layers. Notably, the

soft glassy rhoelogy model also predicts power-law fluid be-

havior in the nonlinear rheology of these materials. Further,

according to the model the flow index decreases on approach-

ing the glass transition. Thus, the linear and nonlinear re-

sponses of the lysozyme layers qualitatively fit well together

as those of a soft glassy material that approaches a glass phase

with increasing age. More quantitatively, however, the soft

glassy rheology model predicts a specific relation between the

linear rheology and power-law fluid response, n = α . The

lysozyme layers violate this relation. This violation suggests

that, while the model captures many essential features of the

observed mechanical response of the layers, the relationship

between structural relaxation and flow in the disordered layers

is perhaps more complicated than is assumed in the model.

5.1.2 Critical Behavior of Gelation Materials exhibiting

critical stress relaxation on approaching a gel point similarly

display weak power-law frequency dependence of G∗(ω).65

Technically, power-law behavior over an arbitrarily extended

range occurs only at the critical point, and at low frequencies

(large lag times) the rheology crosses over from viscous-like

to elastic as the gel formation progresses.65,66 Nevertheless,

over a limited dynamic range like that in the passive microrhe-

ology measurements, this behavior can appear as a quasi-

power law in the mean-squared displacement, 〈∆r2(t)〉 ∼ tα ,

with a power-law exponent that decreases steadily with age.

Indeed, the age-dependent 〈∆r2(t)〉 in Fig. 1 appear strikingly

similar to those obtained in microrheology studies of bulk

peptide and polymer solutions undergoing three-dimensional

critical gelation.66,67 Identifying the viscoelastic transition in

the lysozyme layers with gel formation implies intermolecular

bonding capable of creating a percolating network. The sta-

bility of native lysozyme against aggregation in bulk solution

suggests that such bonding would require significant unfold-

ing to proceed. However, anecdotal evidence indicating the

adsorbed protein indeed associates to form a network comes

from additional active microrheology experiments at the air in-

terface of lysozyme solutions with very low bulk protein con-

centrations (below 0.01 mg/ml). At these low concentrations,

which are inadequate to provide full coverage of the interface

through adsorption, we observed wires to rotate off-center, as

if partially trapped in an “island” of protein that would form

only through attractive interactions.

5.1.3 Possibility of a Yield Stress at Late Ages An in-

teresting question is whether the lysozyme layers at very late

ages display a yield stress in the microrheology measure-

ments. According to the soft glassy rheology model, the soft

glass phase has elastic linear rheology, α = 0, and a nonlin-

ear response characteristic of a Herschel-Bulkley fluid as in

Eq. (7). Similarly, a gel phase would display a yield stress.

While a decrease in α with layer age like that in Fig. 2 was

reproducible in the passive microrheology experiments, the fi-

nal value of α varied from trial to trial, and in some cases

the data at late ages was consistent with α ≈ 0. Similarly,

we also observed some variability in the layer response in the

active microrheology, both for different trials and for differ-

ent wires within a single layer (which we attributed to het-

erogeneity in the layers), and in some cases wire motion in

response to the magnetic torque became imperceptible at late

layer ages. However, we were unable to distinguish this im-

mobility as the onset of rigidity and or as an extremely large

ζpl , and in no cases could we say for certain that the lysozyme

layers acquired a yield stress. For example, evidence opposing

the existence of any yield stress comes from the linear depen-

dence of ln(θ̇) on ln(sinθ) in Fig. 4. The presence of a yield

stress would lead to upward curvature on such plots. Fitting

to the data at late age using a Hershel-Bulkley form gives a

result consistent with zero yield stress and allows us to place

an upper bound on the yield stress of ∼ 5µN/m. In addition,

wires in layers at late age rotated fully through π/2 (when

they turned at all) and displayed no measurable recoil when

the external field was removed, indicating no stored elastic
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deformation.

5.2 Comparison with Other Protein Layers

A noteworthy feature of the evolution in probe mobility in the

passive measurements is the nearly immediate influence of the

protein adsorption on the interfacial rheology, as revealed by

the onset of subdiffusive behavior, α ≈ 0.6, less than 200 sec-

onds after interface formation. This rapid impact of adsorption

of lysozyme on the interface contrasts strongly with layer for-

mation seen at the air-water interface of β -lactoglobulin solu-

tions of similar concentration.15 β -lactoglobulin layers form-

ing at the air-water interface remain viscous for a protracted

period during which the interfacial viscosity increases slowly

and undergo a transition to elastic behavior only at ages of

tens of minutes. This viscoelastic transition is further char-

acterized by pronounced mesoscale heterogeneity in colloidal

mobility, where some colloids become localized as if trapped

in an elastic film while others continue to undergo diffusion

as if in a viscous environment.15 We observe no such pro-

nounced heterogeneity in probe mobility at the interface of

the lysozyme solutions. Rather, all probes undergo statisti-

cally similar evolution in mobility represented by the ensem-

ble averages in Fig. 1. The rapid evolution in 〈∆r2(t)〉 seen in

Fig. 1 is more similar to that observed at the oil-water inter-

face of β -lactoglobulin solutions, where again the onset vis-

coelastic behavior occurs at a new interface within minutes

and no pronounced mesoscale heterogeneity is observed.16

These different experiments on β -lactoglobulin and lysozyme

taken together hence indicate that the evolution in the rheol-

ogy of interfacial protein layers is not universal, and that de-

pending on specific conditions—such as protein species, hy-

drophobic phase (air or oil), and how the protein is introduce

onto the interface— the viscoelastic transitions can proceed

through different scenarios.

6 Conclusion

In summary, these microrheology experiments tracking the

evolution of the air-water interface during lysozyme adsorp-

tion have elucidated the linear and nonlinear properties of the

viscoelastic transition that the interfacial protein layer under-

goes. As discussed above, interpreting the nature of this tran-

sition can contribute to our understanding of the dominant

molecular-scale interactions involved in protein-layer forma-

tion. In our analysis of the viscoelasticity of the lysozyme lay-

ers, we considered two frameworks for interpretation: gelation

and the formation to a soft glassy phase. Further microrheol-

ogy studies that can distinguish more conclusively between

these possibilities would be valuable. Indeed, a key chal-

lenge in the field of disordered soft materials is to correlate

microstructural properties with the broad distribution of slow

relaxation times that give rise to their characteristic rheology.

The quasi-two-dimensional geometry of the layers lends it-

self to experimental approaches that are unavailable in bulk

systems. For example, experiments comparing imaging with

surface pressure have provided insight into layer formation,68

and correlating the results of such experiments with microrhe-

ology could provide important new information. However,

another clear conclusion from the microrheology is the sen-

sitivity of the viscoelastic properties of the layers to the spe-

cific conditions under which the proteins encounter and asso-

ciate with the interface. Hence, any studies comparing rheol-

ogy with surface structure, surface pressure, other properties

would need to take particular care to achieve identical condi-

tions for valid comparisons.
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