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The adsorption dynamics of hen-egg-white lysozyme onto muscovite mica is followed using in situ tapping
mode atomic force microscopy (AFM) in aqueous solution. Under stagnant conditions and at a bulk
concentration of 2 µg/mL, lysozyme clusters were imaged on mica several minutes after exposure to the
protein solution. Force-volume imaging confirmed the existence of different tip-surface interaction forces
corresponding to areas of bare mica and areas covered with a single layer of adsorbed protein. 14C-labeled
lysozyme was used to determine the mass of protein adsorbed. This information, in conjunction with the
AFM images of the submonolayers, reveals that lysozyme, once adsorbed, diffuses on a time scale of
minutes or less on the surface and forms clusters consisting of about five molecules. In contrast, at a protein
concentration of 5 µg/mL in the AFM cell, surface coverage increases uniformly until a complete monolayer
is established after 2 h. Once the initial protein monolayer is established, additional protein molecules
adsorb onto the first layer, but at a slower rate. Washout of the protein solution at both short and long
times and under both submonolayer and multilayer conditions has no influence on surface coverage,
indicating irreversible adsorption. Our AFM data are consistent with a model in which the protein, once
adsorbed onto the surface, undergoes conformation change due to protein-surface interactions. Previously
buried hydrophobic residues are exposed and available for interaction with the exposed hydrophobic residues
of other adsorbed proteins, resulting in surface aggregation. By the study of surface coverages below that
of a monolayer, protein clustering can be observed.

Introduction
Protein adsorption onto solid surfaces occurs in many

important applications. In drug storage, adsorption of
therapeutic protein onto container walls may denature
and render the drug inactive, as well as change the overall
bulk concentration, posing a major problem when exact
dosing is required.1 Protein adsorption can contribute to
blood clotting and heart disease.2 The biocompatability of
materials used in medical implants, food processing, and
chromatographic media depends on the interaction of
proteins with the surface.3-8 Many new biosensors and
immunoassay methods depend on the immobilization of
proteins.9 In all of these applications, a fundamental
understanding of protein adsorption is required to control
the interaction between the protein and the solid.

Proteins adsorb onto surfaces of varying hydrophobicity
through interactions involving both hydrophilic and
hydrophobic residues. For example, hen-egg-white lyso-
zyme (HEWL) has an isoelectric point of pH 11.1 and
readily adsorbs onto negatively charged mica below this
pH.10 Lysozyme also adsorbs onto hydrophobic surfaces

such as graphite.11 On hydrophobic surfaces, proteins may
undergo conformational changes that allow hydrophobic
residues to contact the surface, excluding water from their
immediate vicinity.12-15 Protein adsorption thus results
from many contributing factors.

Techniques to study protein adsorption include ellip-
sometry,16 IR spectroscopy,17 radiolabeling,18 surface plas-
mon resonance,19 optical waveguide light spectroscopy,20

surface-enhanced Raman spectroscopy,21 and microcalo-
rimetry.22 Although extremely useful in determining the
amount of protein adsorbed, layer thicknesses, and
adsorption energetics, these methods provide information
on length scales significantly larger than the dimensions
of a protein molecule. Hence, they cannot provide infor-
mation on the spatial distribution of proteins on a surface.

Atomic force microscopy (AFM) enables direct observa-
tion of the real-space topographic surfaces on a nanometer
scale and can, in principle, detect the spatial distribution
of adsorbed protein. AFM has the ability to image surfaces
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in solution, so that proteins remain in an aqueous
environment. By imaging in situ, actual adsorption
dynamics become observable. Here, by combining the real-
time and real-space capabilities of AFM, we obtain
information on the spatial and temporal distribution of
adsorbed protein.

Because the atomic force microscope is a recently
developed instrument, few studies of protein adsorption
dynamics are available. Most of the early AFM studies of
proteins focus on imaging large, isolated single protein
molecules10,23-25 and not on adsorption patterns. Most
studies of the adsorption process are based on adsorption
and subsequent dry-sample imaging methods.26-28 The
obvious disadvantages are that the adsorption process
cannot be imaged in real time and that drying likely
introduces artifacts.

A limited number of in situ adsorption studies have
been performed using AFM. Ta et al. characterized
different patterns of the protein bovine fibrinogen ad-
sorbing from water onto highly oriented pyrolytic graphite
(HOPG) and mica.29 The authors found that fibrinogen
nucleates on HOPG in small molecular clusters that then
assemble into branched strands. Growth of these branched
strands established a ramified monolayer film. In contrast,
adsorption onto mica was marked by a uniform increase
in the density of adsorbed clusters. No branching was
observed. According to these authors, stranded network
formation on HOPG implies a strong protein-protein
interaction at the surface whereas on the mica substrate
the lack of branched structures implies weaker surface
interprotein interactions. Ta et al. also report an absence
of multilayer formation. However, they only scanned the
surface up to 6 min after introducing the protein solution.
The areas scanned by Ta et al. were typically around 5 µm
� 5 µm. Consequently, smaller details cannot be deter-
mined using such a large scan size. In our work, scan
sizesare typicallyanorderofmagnitudesmaller,providing
data on smaller scale features. Finally, Ta et al. employed
contact-mode imaging which is known to impart large
lateral forces at the surface.10 As a result, these authors
reported evidence for tip-influenced adsorption patterns.

McMaster et al. reported the opposite effect for the
adsorption of protein C hordein onto mica and HOPG.30

On mica, C hordein formed aggregates on the surface that
grew laterally with time until a continuous surface
structure of monolayer height was established. Thus,
adsorption was favored at the edges of adsorbed protein
clusters. In contrast, on HOPG the same protein adsorbed
much more rapidly. According to the authors, this suggests
that on the mica surface, the protein-surface interaction
is sufficiently weak that the protein adsorption patterns
are determined by surface interprotein interactions. In
contrast, on the HOPG substrate, the protein-surface
interaction makes a significant contribution to the protein
adsorption pattern. The poor quality of the AFM images
makes these conclusions debatable.

Cullen and Lowe31 have shown two very different
adsorptionmechanisms for theadsorptionofblood proteins
immunoglobulin G (IgG) and glucose oxidase (GOx) on
HOPG. IgG formed patches of protein randomly distrib-
uted across the surface. The patches increased in number
until the surface was almost a monolayer. GOx at early
times had fewer nucleation sites, mostly at HOPG surface
defects. Additional GOx adsorption occurred at these
defects and adjacent to already adsorbed protein. As a
result, large islands of adsorbed protein grew, leaving
regions of bare HOPG. Apparently for the GOx-HOPG
system, the interaction between the surface and the
protein was sufficiently weak that the protein adsorption
was dominated by the protein-protein interaction on the
surface. In contrast, for the IgG-HOPG system, the
protein-surface interaction was strong enough to make
a significant impact on the protein adsorption pattern.
GOx is glycosylated and is therefore hydrophilic and does
not adsorb readily on hydrophobic surfaces. As in the work
of Ta et al., the areas scanned were generally 5 µm � 5
µm and thus did not allow visualization of many small
details. In addition, the authors employed contact-mode
imaging that has the inherent disadvantage of imparting
high lateral forces on the surface.10

We report here the results of an AFM investigation of
HEWL adsorption from aqueous solutions onto a mica
surface at different bulk concentrations. Lysozyme is a
well-studied protein with a molecular mass of 14 kDa and
an isoelectric point of pH 11.1. It is a relatively small
globular protein with dimensions of 3.0 nm � 3.0 nm �
4.5 nm.32 Muscovite mica is an ideal solid surface to image
due to its flatness on an atomic scale.25 Freshly cleaved
mica is negatively charged when exposed to aqueous
solutions above pH 3.33,34 Thus, in a pH 4.0 buffer solution,
lysozyme is positively charged, whereas the mica surface
is negatively charged.

Our experiments show that once lysozyme adsorbs, it
diffuses on the surface on a time scale faster than minutes
to form clusters that are adsorbed irreversibly with respect
to protein-free aqueous replacement. High aqueous protein
concentrations lead to multilayer formation that is also
irreversible with respect to aqueous dilution. Imaging
artifacts can easily misrepresent the underlying physical
processes. In this work, attention is paid to misinterpre-
tation of AFM images.

Experimental Section
Reagents and Materials. HEWL was obtained from Seika-

gaku Corp. (Tokyo, Japan) and used as received. Water used for
buffer and protein solutions was purified to a resistivity of 18
MΩ cm with a Milli-Q system (Millipore, Bedford, MA.) Stock
protein solutions (�50 µg/mL) were prepared with 10 mM acetate
buffer at pH 4.0. The concentration of protein in the stock solution
was determined by UV absorption at 280 nm, with an extinction
coefficient of 2.635 L/(g cm).35 Aliquots of stock solution were
diluted to the desired protein concentration (0.1-5.0 µg/mL) with
acetate buffer.

Fresh mica surfaces from Ted Pella (Redding, CA) were
generated by cleaving layers with adhesive tape. A Mesoscale
crystal (SrTiO3) for tip calibration was obtained from WITec (Ulm,
Germany.) The TGG01 (silicon) calibration grating was obtained
from Mikro Masch Eesti Ltd. (Estonia), and the Nioprobe imaging
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sample (Niobium film) for tip calibration was obtained from
Aurora Nanodevices (Edmonton, Alberta, Canada). 14C-meth-
ylated lysozyme (lot 028H9472, 27.6 µCi/mg) was obtained from
Sigma (St. Louis, MO) and used as received. Scintillation fluid
was obtained from ICN (Ecolite, Irvine, CA.).

AFM Imaging. Topographic images of the surface were taken
with a Nanoscope IIIa/Multimode scanning probe microscope
(Digital Instruments, Santa Barbara, CA). All protein imaging
was performed using the fluid cell in either buffer solution or in
protein/buffer solution so that the protein is always imaged in
a natural aqueous environment. To minimize any forces exerted
on the protein from the scanning tip, the AFM was operated in
tapping mode. Thin, 100 µm long, silicon nitride probes (Digital
Instruments) with a nominal spring constant of 0.32 N/m were
oscillated at a cantilever resonance of 8 kHz. Free oscillation of
the cantilever was set to have a root-mean-square amplitude
corresponding to 0.5 V. The imaging setpoint was fixed at 0.35
V. Scan sizes were typically 500 nm � 500 nm. All tip-
characterization experiments were performed using an open-air
tip holder in contact mode. The microscope is enclosed in a
Plexiglass box to shield it from air drafts and to minimize
temperature fluctuations. Images are presented without filtering.
All images are flattened with a first-order algorithm to correct
for piezo-derived differences between scan lines.

Adsorption from Stagnant Solutions. Freshly cleaved mica
was rinsed in buffer and loaded onto the scanner. After
assemblage, the fluid cell (volume � 30 µL) was filled with pure
buffer. The bare mica surface was imaged to confirm that the
surface was clean and to determine tip quality. A 1.5 mL quantity
of the protein solution under study was injected through the cell
via the access port. The surface was then imaged at various times
to follow the adsorption process dynamically. At the end of most
experiments, a “washout” of the surface was performed by
injecting 5 mL of buffer solution through the fluid cell. The surface
was then imaged several minutes after washout.

Radiolabeled Protein Experiments. Stock 14C-methylated
lysozyme was diluted with 10 mM acetate buffer to give solutions
of 1 and 2 µg/mL concentration. For each concentration, a 70 µL
drop of protein solution was placed on each of eight freshly cleaved
mica surfaces (1.2 cm2). The protein solution was left in contact
with the mica surface for 20 min. Then, each mica surface was
rinsed with 5 mL of buffer solution and then exposed to 70 µL
of KOH solution, pH 13.0, for at least 2 min to remove adsorbed
protein. Afterward, each mica disk was rinsed with 1 mL of the
KOH solution, and the rinse solution from four rinses was
carefully collected in a scintillation vial. AFM images of mica
surfaces exposed to nonradiolabeled protein solutions before and
after exposure to KOH solutions confirmed that the KOH wash
removed the protein. Two scintillation vials were used for each
protein concentration. To each scintillation vial, 11 mL of
scintillation fluid was added, and the contents were shaken before
being measured for radioactivity. Various known amounts (0.04-
0.5 µg) of 14C-methylated lysozyme were measured for radio-
activity to relate counts and mass of protein, which was linear
over the mass range used. All samples were analyzed with a
Packard Bioscience Tri-Carb 2100 TR liquid scintillation counter
(Meriden, CT). Counts were analyzed for 2 min, with output in
counts per minute (cpm) measured in the energy range of 4-156
keV.

Tip Characterization. Surface line profiles of both the
Mesoscale crystal and TGG01 calibration grating were measured
with AFM under contact mode using silicon nitride tips in air.
Scan sizes were typically 500 and 250 nm, respectively. The peak
apexes were fit to a parabola to obtain an average tip radius of
curvature. The Nioprobe sample was scanned over an area of
500 nm � 500 nm in open-air contact mode. The resulting image
was analyzed using Deconvol 1.1, software provided by Silicon
MDT, Ltd. to perform blind-tip estimation36,37 and to calculate
the tip radius of curvature.

Results

In Situ Adsorption. In situ adsorption experiments
were conducted under stagnant aqueous-phase conditions.
Typical time-resolved AFM images for the adsorption of
HEWL from the bulk solution concentration of 2 µg/mL

in 10 mM acetate buffer, pH 4.0, are shown in Figure 1.
This low a concentration was selected so that adsorption
patterns could be observed at submonolayer coverage
under conditions of an exhausted supply of protein from
the bulk solution (i.e., starvation conditions). Assuming
a value of 0.207 µg/cm2 for the surface coverage for a side-
on adsorbed, full packed monolayer,38 the amount of
lysozyme required to form a monolayer on a 0.50 cm2

surface is 0.10 µg. The amount of protein in 30 µL (volume
of the liquid cell) of a 2 µg/mL solution is 0.06 µg, which
is insufficient to form a monolayer. In addition, some
protein likely adsorbs onto the surface of the fluid cell and
the silicone O-ring. From the aqueous diffusivity of
lysozyme (1.1 � 10-6 cm2/s),39 we calculate that the bulk
concentration reduces to about 5% of the initial value in
nearly 5 h. Thus, after a few hours, the mica surface is
essentially “starved” of further protein adsorption.

Figure 1a shows the initial bare mica surface in the
buffer solution. As expected, the substrate surface is flat
and featureless. At early times after exposing the mica to
the protein solution, we see small “particles” scattered
across the surface in Figure 1b. After several hours, as
shown in Figure 1c-g, the surface morphology changes
somewhat as the particles on the surface appear to grow
larger leaving relatively more barren area.

Our original interpretation for the early time image in
Figure 1b, which, as described below, proves inadequate,
was that the light spots correspond to individual lysozyme
molecules and that the dark, lower lying areas correspond
to bare mica. Indeed, AFM images are available where
the “particles” are reported to be monomers.10,40 Surface
protein particles in Figure 1b are typically 2.5 nm high
and have lateral dimensions in the range of 10-16 nm.
On the basis of the X-ray crystallographic molecular
dimensions (3.0 nm � 3.0 nm � 4.5 nm),32 we reasoned
that the observed particles consist of one or at most several
adsorbed lysozyme molecules. The discrepancy in the
height data from AFM and X-ray crystallography was
attributed to interactions between the AFM tip and the
surface. Such interactions are colloidal in nature and can
vary depending on solution conditions such as pH and
ionic strength.41-43 Lateral sizes reflect tip broadening
making the actual lateral dimensions smaller.44,45 At later
times in Figure 1c-g, the particles on the surface maintain
the same heights as earlier, but the lateral sizes apparently
grow to approximately 20-25 nm. Washout experiments
at both early and later times (Figure 1h) demonstrate
that lysozyme adsorption is irreversible on mica at this
pH. Because of this irreversibility and because the aqueous
solution is depleted of protein, any changes in surface
morphology must be due to rearrangement of species
already adsorbed. Accordingly, we initially argued that
the larger particles seen at later times are two-dimensional
clusters of protein. Proteins adsorbed at early times slowly
diffuse on the surface and aggregate over the course of
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several hours into larger clusters that eventually quit
growing because of no further bulk supply.

The slow cluster-growth mechanism suggested by
Figure 1, although appealing, is based on a number of
inherent assumptions about the AFM images that demand
validation. Below we describe our efforts to clarify exactly
what the images in Figure 1 reflect about the protein
adsorption process. In fact, we find that our original
interpretation of Figure 1 is incomplete.

Force-Volume Imaging. To interrogate the AFM
images in Figure 1, the light and dark regions observed
on the surface were identified using force-volume imag-
ing. Figure 2a shows a contact-mode AFM topographic
image of the mica surface after being exposed to a 2 µg/
mL lysozyme solution. The corresponding force-volume
image based on the retract (adhesion) curve is shown in
Figure 2b. Clearly, the topographical features in Figure
2a directly correspond to different tip-force interactions
with the surface in Figure 2b. Typical force curves for the
high “lysozyme” and low “mica” areas on the surface are
shown in parts c and d of Figure 2, respectively, as
indicated by arrows. The lysozyme force curve in Figure
2c shows that upon the sample approach, the tip jumps
approximately 1 nm to the surface before being pushed

upward by the surface. As the sample is retracted, the tip
relaxes and subsequently is pulled down approximately
1.5 nm before detaching from the surface.

The force curves on the right in Figure 2d show different
behavior corresponding to the “mica” region. Although
the approach curve is similar to that in Figure 2c, the
retraction curve shows that the tip now adheres to the
surface to a much greater extent. The tip is pulled
downward almost 4 nm before detaching from the surface.
The gray scale intensity of the force-volume map in Figure
2b reflects the displacements from the retract-force curve
at different spatial locations on the surface. The lighter
(higher) areas indicate less adherence to the surface,
whereas the darker (lower) areas indicate more adherence
to the surface. The force-distance behaviors seen in Figure
2c for “lysozyme” and in Figure 2d for “mica” correspond
to those in the literature for a monolayer of adsorbed
lysozyme and bare mica, respectively.40

The behavior of the force curves in Figure 2c,d can be
understood by examining the surface chemistry of the tip
and its interaction with the surface. The surface of the
silicon nitride tips used for imaging and force curves
consists of both silanol (Si-OH) and silylamine (Si-NH)
groups.46 The point of zero charge (PZC) for such AFM

Figure 1. AFM images of adsorption of HEWL on mica in 10 mM acetate buffer, pH 4.0, under stopped-flow conditions. The initial
bulk concentration of HEWL is 2 µg/mL. Each image is 250 nm � 500 nm. The light areas are protein molecules, and the dark
areas represent the bare mica surface. (a) Bare mica surface before contact with protein solution. (b) Adsorption after 32 min, (c)
2 h 10 min, (d) 3 h 25 min, (e) 4 h 45 min, (f) 6 h 5 min, and (g) 26 h. (h) Washout with pure buffer after 26 h.
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tips is close to pH 6.0.47,48 Thus at pH 4.0, the tips employed
should exhibit a net positive charge. Therefore, due to the
electrostatic attraction between the tip and the bare mica
surface, we expect an attractive interaction upon tip
approach, as is indeed portrayed in Figure 2d. The deep
well upon retraction in Figure 2d indicates a large adhesive
force between the tip and the mica surface. In Figure 2c,
however, the protein is positively charged, so a repulsion
interaction is anticipated upon approach of the tip to an
adsorbed protein patch. However, Figure 2c exhibits an
attractive force upon approach. The nominal radius of
curvature of the tip is between 5 and 20 nm. Thus, it is
likely that the tip also senses the bare mica surface
surrounding the protein patch and therefore experiences
a net attraction, albeit a smaller one than that in Figure
2d for bare mica. We conclude that in Figure 1 the light,
high regions correspond to patches of adsorbed monolayer
lysozyme, whereas the dark regions correspond to a bare
mica surface.

Tip Mechanical Influence. Because AFM is an
intrusive process, the probe tip may mechanically induce
the protein adsorption patterns observed on the surface
possibly contributing to the overall adsorption process. In
the experiment shown in Figure 1, the surface is scanned
over roughly the same area multiple times. To check for
any mechanical effects of the tip, we performed the same
experimentwithseveralmodifications. Insteadof scanning
the same approximate area multiple times over several

hours, we scanned the surface once (Figure 3a) and once
after 2 h and 46 min (Figure 3b). In addition, a completely
different area was scanned and is shown in Figure 3c.
Protein adsorption patterns are the same as in Figure 1.
Finally, a larger area (500 nm � 1000 nm) including the
area shown in Figure 3c was scanned as shown in Figure
3d, and the protein adsorption pattern is similar. Thus,
tip scanning (i.e., in tapping mode) across the surface
during the imaging process does not influence the protein
adsorption patterns presented in Figure 1.

Tip Broadening. The sizes of the lysozyme particles
shown on the mica surface in Figure 1 are actually smaller
than those indicated by the AFM images. This is due to
tip broadening, whereby the AFM image is enlarged due
to a convolution of the imaged particle and the imaging
tip.44,45 Distortion of the actual particle shape is most
pronounced for small particles. Thus, particles on the
surface that appear as 20 nm in diameter may actually
be several nanometers smaller. Accordingly, adsorbed
protein coverage can be estimated from AFM images only
after the imaging tip is characterized and a tip-broadening
correction is applied.

We used various physical tip-characterization standards
to determine the size and shape of the tips employed. Two
tip characterizers that we used, the Mesoscale crystal
(SrTiO3) and the TGG calibration grating, consist of rigid
steps and sharp peaks. By imaging the peaks, we obtain
an image of the tip profile. The degree of accuracy of the
profile depends on the sharpness of the imaging peaks.
Parabolic fits of the cross sections of the various tips show
that the radius of curvature determined from the TGG01
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Figure 2. Force-volume mapping of lysozyme adsorption onto mica from a bulk concentration of 2 µg/mL. (a) Topographic contact
mode AFM image of the mica surface after exposure to the protein solution. The image size is 100 nm � 250 nm. The white circle
on the left represents a high topographical feature. The white circle on the right represents a low topographical feature. (b)
Corresponding force-volume image based on retract (adhesive) force curves with white circles indicating the same spots as in (a).
Light areas represent less tip-surface attraction, whereas dark areas represent larger tip-surface attraction. (c) Typical force
curve (approach and retract) from the area enclosed in the circles on the left. (d) Typical force curve from the area enclosed in the
circles on the right. Notice that the retraction curves on the higher topographical features have shallow wells and those for lower
topographical features have deep wells. This behavior indicates more attraction between the tip and mica compared to the tip and
protein.
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calibration grating is smaller and thus is a better means
of tip characterization. Tip-size results are shown in Table
1.

We also characterized our tips using blind tip estima-
tion36,37 in conjunction with a Nioprobe imaging sample.
Results of the blind tip characterization, shown in the
last column at Table 1, illustrate that this method
generally gives the lowest tip radius of curvature compared
to the other two methods used.

After tip characterization, we estimated the sizes of the
adsorbed lysozyme particles in Figure 1 to be increased
by approximately 8.5 nm in lateral diameter due to tip
broadening. However, actual sizes on the surface and the
overall surface coverage are still very difficult to obtain
due to noise and other effects of tip-sample interaction
that can also affect the imaging process. Specifically, the
particle edges on the images are not well-defined, and the
attractive interaction between the tip and the protein can
further distort the image, over and above tip broadening.
Further, it is very possible that during an experiment the
tip size can change due to contamination.

Tip Contamination. Because the AFM tip is exposed
to the solution for long periods in our experiments, there
is a possibility of tip contamination by lysozyme, impurity,
or microparticulate adsorption. Tip contamination likely
leads to image distortion due to tip broadening. To
illustrate our concern over tip contamination, consider
Figure 4 showing AFM images of an identical experiment
to that in Figure 1. Except now, the scanning location of
each sequential image in Figure 4 is exactly the same. To
relocate the identical scanning area over a period of time,
we scratched the mica surface with a sharp tool that left
some mica debris on the surface. In the series of images
in Figure 4, we focus on the same piece of debris, the
prominent white feature in the middle right of each image,

to keep track of our location on the mica surface. From the
beginning image at 15 min, shown in Figure 4b, we observe
“large” particles of lysozyme that do change size over the
first several hours. However, after 19 h, as shown in Figure
4d, we notice that the particles in the lower third of the
image are considerably smaller than the particles in the
upper two-thirds of the image and in the previous images.
In all images, the fast scan direction is the x-direction
while the slow scan direction is the y-direction. In other
words, the tip scans horizontally from left to right before
moving down to scan the next line. Because the image is
a convolution of tip geometry and adsorbed material, these
results suggest that the geometry of the tip changed during
scanning in Figure 4d. It is probable that contamination
on the tip caused broadening of the features on the surface
and that the contamination was removed suddenly during
the downward scan in Figure 4d thus making the
subsequent features on the surface appear smaller.
Consequently, the increase in apparent diameter of the
lysozyme clusters on the surface in Figure 1 is most likely
due to the increasing contamination of the imaging tip
(for example, by adsorption of lysozyme) thereby distorting
the tip geometry. Protein clusters are still present on the
surface, but their observed growth is apparently an artifact
of tip broadening.

Surface Adsorption Measurement. Because of tip
broadening and contamination, using lateral sizes based
on AFM images is not an accurate method for measuring
surface coverages of adsorbed species. Thus, we deter-
mined the surface concentration of HEWL on mica using
radiolabeling. By exposing 14C-methylated lysozyme to
the mica surface and recovering the protein, we obtain
the amount of protein adsorbed with liquid scintillation
counting (LSC).

As described earlier, a single side of several mica disks
(area ) 1.2 cm2) was exposed to 70 µL of protein solution.
From LSC, we establish that the surface coverage of
protein when the mica is exposed to the 2 µg/mL solution
is 0.052 ( 0.005 µg/cm2. When the mica is exposed to the
1 µg/mL solution, the surface coverage of protein is 0.030
( 0.005 µg/cm2. Thus, the amount of protein adsorbed
from the 2 µg/mL solution is nearly twice the amount

Figure 3. AFM images determining tip effects on protein adsorption patterns. Images are 250 nm � 500 nm unless otherwise
noted. (a) Mica surface after exposure to protein solution for 10 min. (b) Surface after exposure to protein solution for 2 h and 46
min. (c) Image of surface in alternate location at 19 h and 30 min. (d) Image of surface over a larger scanning area (500 nm � 1000
nm) that covers the previously scanned area at 19 h and 45 min.

Table 1. Tip Characterization

radius of curvature (nm)

tip Mesoscale TGG01 Nioprobe

T23 46.8 9.2 -
2T3 42.9 6.1 5.2
2T7 44.1 6.6 5.7
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adsorbed from the 1 µg/mL solution. This result confirms
the accuracy of the method since both concentrations fall
below the starvation limit.

Figure 5 shows AFM images of mica surfaces after
exposure to HEWL solutions under the same conditions
used in the radiolabeled-protein experiments. The par-
ticles seen in these images are similar in size to those in
Figure 1. The number of “particles” counted manually in
each image is roughly 1000 for the 2 µg/mL case and 630
for the 1 µg/mL case. Using the adsorbed amounts
determined from the radiolabeled-protein experiments,
the number of molecules on a 500 nm � 500 nm area is
about 5400 for the 2 µg/mL case and 3100 for the 1 µg/mL
case. Accordingly, the particles appearing on the surface
of Figure 1 are indeed clusters of protein, averaging
approximately five molecules per cluster.

On the basis of this analysis, the imaged particles are
not individual molecules as reported earlier.10,40 Rather,
the particles that we observe after 32 min of exposure to
the protein solution (Figure 1b) are actually clusters of
five lysozyme molecules. At later times, the particles
appear to grow, but this is not due to additional protein
“feeding” already established clusters. Rather, this is
attributed to tip contamination. The fact that the char-
acteristic time for diffusion to the surface from the bulk
solution is around 1 h indicates that some convection
occurs during sample injection and hence any kinetic
barrier to adsorption is minimal.

Multilayer Formation. At high bulk concentration,
where the surface is not starved of protein, we find evidence
of multilayer formation. Figure 6 illustrates the adsorption
of lysozyme from a bulk concentration of 5 µg/mL in the

Figure 4. AFM images of the experiment under the same conditions as in Figures 1 and 3, except at the exact same location. A
large prominent white feature marks the same location on the mica surface. (a) Bare mica before exposure to protein solution. (b)
Lysozyme adsorption after 15 min, (c) 3 h 34 min, and (d) 19 h. Note that in this last scan, the particles below the large feature
are much smaller than those above the feature and those scanned at earlier times. All images are 250 nm � 500 nm.

Figure 5. AFM images of mica surfaces exposed to lysozyme solutions in the same conditions as used in the radiolabeled-lysozyme
experiment. Images are 500 nm � 500 nm. (a) Bulk protein concentration is 1 µg/mL. (b) Bulk protein concentration is 2 µg/mL.
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fluid cell over the course of several hours. Evidence of
cluster formation is again seen at early times. However,
protein adsorption now increases gradually until after
approximately 2 h of exposure to the protein solution, the
mica surface is fully covered with a monolayer of lysozyme.
Note that once the full packed monolayer is established
on the surface (Figure 6f), it is difficult to distinguish this
image from that of the bare mica surface. Topographical
images make no distinction between the protein monolayer
and the nascent mica surface because the monolayer is
relatively flat. After the initial monolayer is established,
additional protein molecules begin to adsorb onto the
protein monolayer in Figure 6g, but at a much slower rate
than their adsorption onto bare mica. It is interesting to
note that bilayer formation does not start until a full
monolayer is established. A washout experiment was
performed after 27 h, as shown in Figure 6h. The coverage
does not change, again indicating that the protein is
irreversibly adsorbed, including that in the second layer.

Discussion
Mechanism of Clustering. Lysozyme surface clusters

of a single-layer thickness may form via several different
mechanisms. The first possibility is that protein ag-

gregates in solution and arrives at the surface as ag-
gregates. Indeed, lysozyme is known to form aggregates
in aqueous solution.49-53 However, aggregation in solution
is observed above pH 5.0 and at concentrations much
higher than that used here. Data from Georgalis et al.
indicate that aggregation formation is negligible at protein
concentrations of 5 µg/mL and less.52 If proteins formed
three-dimensional clusters in solution and then adsorbed
onto the surface, the adsorbed clusters would exhibit
heights greater than a single molecule dimension. This is
not the case in our AFM images. The adsorbed clusters
all exhibit the same heights of approximately 2.5 nm,
corresponding closely to a single protein layer.

A second possibility is that the proteins adsorb as single
molecules and that additional molecules preferentially

(49) Price, W. S.; Tsuchiya, F.; Arata, Y. J. Am. Chem. Soc. 1999,
121, 11503.

(50) Kuehner, D. E.; Heyer, C.; Ramsch, C.; Fornefeld, U. M.; Blanch,
H. W.; Prausnitz, J. M. Biophys. J. 1997, 73, 3211.

(51) Georgalis, Y.; Umbach, P.; Raptis, J.; Saenger, W. Acta Crys-
tallogr., Sect. D 1997, 53, 691.

(52) Georgalis, Y.; Umbach, P.; Raptis, J.; Saenger, W. Acta Crys-
tallogr., Sect. D 1997, 53, 703.

(53) Grigsby, J. J.; Blanch, H. W.; Prausnitz, J. M. Biophys. Chem.
2001, 91, 231.

Figure 6. AFM images of adsorption of HEWL on mica in 10 mM acetate buffer, pH 4.0, under stopped-flow conditions. The initial
bulk concentration of HEWL is 5 µg/mL. Each image is 500 nm � 1000 nm. The light areas are protein molecules, and the dark
areas represent the bare mica surface. (a) Bare mica surface before contact with protein solution. (b) Lysozyme adsorption after
4 min, (c) 32 min, (d) 52 min, (e) 1 h 26 min, (f) 1 h 59 min, and (g) 23 h. (h) Washout with buffer after 27 h.
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adsorb from the bulk solution immediately adjacent to
those already on the surface. This hypothesis demands a
preferential affinity for adsorption onto the surface
adjacent to already adsorbed monomers, as proposed by
Cullen and Lowe for IgG and GOx adsorption onto
HOPG.31 In our case, however, this mechanism is doubtful.
Because lysozyme is positively charged, the bare mica
surface is negatively charged, and the solution ionic
strength is not large (the Debye length in the buffer
solution is about 8 nm), there is a significant electrostatic
attraction for the protein to the nascent mica surface. An
even larger attractive field emanating specifically from
the periphery of an adsorbed protein is unlikely. In
addition, we find no second layer of protein growing on
the clusters, suggesting a repulsive interaction between
a cluster and bulk protein molecules. Zeta potentials for
positively charged aqueous lysozyme adsorbed on nega-
tively charged silica demonstrate a net positive diffuse
double layer.54 Hence, this edge-specific adsorption mech-
anism for the observed lysozyme surface cluster growth
is improbable.

The most likely scenario is that HEWL adsorbs onto
the surface as monomers, and once adsorbed, proteins
diffuse on the surface to form clusters. As noted above,
additional adsorbing protein monomers do not “land” on
already adsorbed protein, possibly due to electrostatic
repulsion. Instead, adsorbed and laterally mobile lysozyme
molecules apparently adhere upon collision leading to
surface cluster formation and growth. A number of
experimental studies confirm that aqueous proteins in-
deed diffuse on solid surfaces.11,20,55,56 Using fluorescence
recovery after photobleaching, Tilton et al. report surface-
diffusion-coefficient values for bovine serum albumin
(BSA) irreversibly adsorbed on poly(methyl methacrylate)
(PMMA) and poly(dimethylsiloxane) (PDMS) of (1.2 ( 0.3)
� 10-9 and (2.6 ( 0.1) � 10-9 cm2/s, respectively.57,58 If we
consider an adsorption amount equal to 0.052 µg/cm2 for
HEWL molecules, corresponding to that calculated from
theradiolabeled-proteinexperiment,andassumethat they
are initially evenly spaced, then the adsorbed molecules
have roughly a 3 nm spacing. On the basis of this distance
and the surface diffusion coefficients of Tilton et al.,
clusters can form within fractions of a second. We are
unable to obtain reliable AFM images until after a few
minutes. The first image reported in Figure 1 is at 20 min
of exposure to the protein solution. Using this time scale,
surface diffusion coefficients as low as 10-16 cm2/s permit
clusters to form. Thus, surface diffusion occurs at a
sufficiently rapid rate to explain the clusters in Figure
1b.

Our washout experiments reveal that lysozyme is
irreversibly adsorbed. Since most all of the protein on the
surface at the time of washout is present in clusters, we
conclude that the surface aggregates are irreversibly
adsorbed. Cluster formation requires that the adsorbed
individual lysozyme molecules remain mobile on the
surface.57-59 Once a cluster of the size of several monomers
forms, it essentially becomes immobile. Under the condi-
tions employed in Figure 1, stationary clusters on the
surface grow until protein in solution is depleted.

Our experiments do not provide information on the exact
nature of the intermolecular interactions between dif-
fusing surface proteins. There is evidence, however, that
proteins change conformation or denature once adsorbed
to a solid surface.13,14,60-62 In particular, Norde and Favier
report that the R-helix content of lysozyme decreases upon
adsorption to silica, especially at low coverage. Confor-
mational changes of the adsorbed protein may expose
hydrophobic residues permitting surface aggregation.
Surface diffusion of such partially unfolded proteins then
occurs by polymeric or “crawling” moves.59

Figure7suggestsamechanismfor theclusteringprocess
observed in Figure 1. Protein molecules adsorb on the
bare mica surface as a result of electrostatic attraction.
Subsequent conformational changes expose previously
buried hydrophobic residues and lead to irreversible
adsorption. Surface diffusion of the partially denatured
protein results in collision with previously adsorbed
protein and subsequent aggregation.

When a high protein bulk concentration is employed,
adsorption results in a monolayer coverage, as illustrated
in Figure 6. Initial cluster formation is observed as surface
coverage becomes complete after 2 h. However, under
conditions of continuous liquid flow (2 µg/mL lysozyme,
pH 4, 10 µL/min) the earliest images obtained after a few
minutes revealed complete monolayer coverage. In this
case, no clusters are discerned.

Most protein adsorption studies occur under nonstar-
vation conditions. Here, surface diffusion and clustering
play subtle roles. Compared to conditions when surface
diffusion is negligible, faster adsorption of protein is likely
when protein surface mobility is significant. Protein
mobility and clustering open surface area and therefore
increase the probability of occupancy for protein arriving
from the bulk solution. Recent experimental work by
Calonder and Van Tassel63 on the sorption kinetics of
fibronectin onto Si(Ti)O2 surfaces confirms this reasoning.

Mechanism of Multilayer Adsorption. Figure 6g at
a 5 µg/mL lysozyme concentration reveals the initial stages
of a second adsorption layer. The second layer builds very

(54) Theodoly, O. University of California, Berkeley, CA. Personal
communication, 2001.

(55) Nygren, H.; Alaeddin, S.; Lundstrom, I.; Magnusson, K. E.
Biophys. Chem. 1994, 49, 262.

(56) Lavalle, P. H.; DeVries, A. L.; Cheng, C.-C. C.; Scheuring, S.;
Ramsden, J. J. Langmuir 2000, 16, 5785.

(57) Tilton, R. D.; Gast, A. P.; Robertson, C. R. Biophys. J. 1990, 58,
1321.

(58) Tilton, R. D.; Robertson, C. R.; Gast, A. P. J. Colloid Interface
Sci. 1990, 137, 192.

(59) Tilton, R. Mobility of Biomolecules at Interfaces. In Biopolymers
at Interfaces; Malmsten, M., Ed.; Surfactant Science Series Vol. 75;
Marcel Dekker: New York, 1998; p 363.

(60) Schaaf, P.; Dejardin, P.; Johner, A.; Schmitt, A. Langmuir 1987,
3, 1128.

(61) Norde, W.; Lyklema, J. J. Colloid Interface Sci. 1978, 66, 266.
(62) Norde, W.; Favier, J. P. Colloids Surf. 1992, 64, 87.
(63) Calonder, C.; Tie, Y.; Van Tassel, P. R. Proc. Natl. Acad. Sci.

U.S.A. 2001, 98, 10664.

Figure 7. Schematic of adsorption and cluster formation.
Positively charged protein adsorbs onto the negatively charged
mica surface via electrostatic and hydrophobic forces. Once
adsorbed, the protein partially unravels and diffuses on the
surface. When a mobile protein molecule encounters another
protein or cluster of proteins, they agglomerate, eventually
forming clusters. Bilayer adsorption does not occur under
submonolayer conditions.
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slowly, only appearing after about a day. The lysozyme-
covered mica surface exhibits a positive charge density
presenting an electrostatic adsorption barrier to bulk
lysozyme adsorbate. The presence of this barrier explains
the slow adsorption kinetics. A possible driving force for
second-layer adsorption may be exposed hydrophobic
residues, resulting from protein conformational changes
in the first layer, that interact with bulk lysozyme.
Apparently, this process occurs on a slower time scale
than that allowing clusters to form on the surface. A
possible reason for the differing time scales is that the
adsorbed protein is partially unraveled exposing hydro-
phobic residues. When surface-adsorbed diffusing protein
neighbors come into contact with each other, the hydro-
phobic residues on each are available for agglomeration.
However, protein molecules in the bulk solution remain
in their native state conformation, thus slowing their
interaction with surface proteins.

Conclusions
In situ atomic force microscopy is used to study the

adsorption of hen-egg-white lysozyme onto mica under
acidic conditions. Images obtained via AFM depend not
only on surface topography but also on tip geometry and
tip-surface interactions. Tip contamination after long
exposure to protein/buffer solution can lead to tip broad-
ening, complicating interpretation of the AFM images.
Nevertheless, from the AFM height images, force-volume

images, and liquid-scintillation-counting experiments, we
find that under conditions where the aqueous solution
contains insufficient protein to provide a complete mono-
layer on the surface, lysozyme adsorbs and diffuses on
the surface to form single-layer aggregates. When mica
is exposed to a lysozyme solution that contains sufficient
protein for complete surface coverage, lysozyme initially
builds clusters, and subsequently protein adsorbs to a
full monolayer, and eventually multilayers form. The time
scale for formation of additional layers is much longer
than that for monolayer formation. In all cases, lysozyme
is irreversibly adsorbed onto the surface. We argue that
adsorbed protein undergoes conformational changes that
assist in multilayer formation. Surface diffusion and
collision of neighboring adsorbed proteins give rise to
surface aggregates. AFM is able to capture the clustering
phenomenon when the surface is sparsely covered at low
bulk protein concentrations.
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