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ABSTRACT A new approach is described for measuring kT and nanometer scale protein-protein and protein-synthetic
macromolecule interactions. The utility of this method is demonstrated by measuring interactions of bovine serum albumin (BSA)
and copolymers with exposed polyethyleneoxide (PEO) moieties adsorbed to hydrophobically modified colloids and surfaces.
Total internal reflection and videomicroscopy are used to track three-dimensional trajectories of many single diffusing colloids that
are analyzed to yield interaction potentials, mean-square displacements, and colloid-surface association lifetimes. A criterion is
developed to identify colloids as being levitated, associated, or deposited based on energetic, spatial, statistical, and temporal
information. Whereas levitation and deposition occur for strongly repulsive or attractive potentials, association is exponentially
sensitive to weak interactions influenced by adsorbed layer architectures and surface heterogeneity. Systematic experiments
reveal how BSA orientation and PEO molecular weight produce adsorbed layers that either conceal or expose substrate
heterogeneities to generate a continuum of colloid-surface association lifetimes. These measurements provide simultaneous
access to a broad range of information that consistently indicates purely repulsive BSA andPEO interactions and a role for surface
heterogeneity in colloid-surface association. The demonstrated capability to measure nonspecific protein interactions provides a
basis for future measurements of specific protein interactions.

INTRODUCTION

Understanding nonspecific interactions of synthetic and

biological macromolecules is of great importance to tradi-

tional medicine and the interface of nanotechnology and bi-

ology (1,2). Although nearly all of medicine necessarily

involves interactions of synthetic and biological systems,

many emerging applications require robust integration of

materials on molecular to micron scales such as novel ther-

apeutics (e.g., nanoparticles, gene delivery), sensors (e.g.,

insulin), biomolecular chips (e.g., DNA, protein), cellular

diagnostics (e.g., microfluidic, arrays), and tissue engineer-

ing. Very generally, a net repulsive intermolecular interaction

is often required to prevent nonspecific binding, adsorption,

or aggregation of proteins to other proteins and synthetic

materials to allow retention of specific interactions that are

the origin of unique biological function both in vitro and in

vivo.

Techniques for interrogating adsorbed protein and syn-

thetic macromolecular interactions in physiological media

can generally be categorized as falling into several mutually

exclusive categories based on fundamental approaches and

accessible information (3). Scanning probe methods exter-

nally manipulate separation between adsorbed macromole-

cule coated substrates and gauge interactions via displacements

of actual (e.g., AFM cantilevers) or effective (e.g.,optical

traps) springs to yield direct, high resolution, high energy/

force measurements (4–12). In contrast, spectroscopic meth-

ods quantify interactions between soluble and surface bound

species via changes in interfacial spectroscopic signatures

(e.g., fluorescence, refractive index) to produce nonintrusive,

statistically significant measures of equilibrium binding with

imaging capabilities (12–18). Another distinct measurement

type, most closely related to the method in this article, in-

volves passively monitoring Brownian colloids near surfaces

bearing adsorbed/conjugated biomacromolecules typically

to characterize nonspecific, long-range interactions or teth-

ered chain mechanics (19–25). This is not an exhaustive

review but highlights several complementary approaches to

quantitatively measure protein and macromolecule interac-

tions.

In this article, we report a novel method using micron

sized colloids to directly and nonintrusively measure kT and

nanometer scale interactions between adsorbed bovine se-

rum albumin (BSA) and copolymers with polyethyleneoxide

(PEO) moieties. By integrating total internal reflection (TIRM)

and video (VM)microscopies (26–28), three-dimensional (3D)

Brownian excursions of many single colloids bearing ad-

sorbed BSA or copolymers with exposed PEO moieties are

monitored near similarly coated wall surfaces (see Fig. 1).

Statistical mechanical and dynamic analyses of colloid

distributions (26–31) and trajectories (32–34) yield normal

potential energy profiles (PEP), lateral mean-square dis-

placements (MSD), and colloid-surface association (CSA)

lifetimes. Simultaneous single and ensemble average anal-

yses of many diffusing colloids allow for a consistent and

unambiguous interpretation of spatial, statistical, temporal,

and energetic aspects of BSA-PEO mediated colloid-surface

interactions. By passively monitoring Brownian excursions

of diffusing colloids on surfaces, this new technique exploits

natural gauges for time (a2/D), energy (kT), force (fN), and
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length (nm) when interrogating protein-synthetic macromol-

ecule interactions. Successful measurement of nonspecific

interactions using this technique provides a basis to measure

specific interactions in integrated synthetic-biomolecular

materials, devices, and systems.

MATERIALS AND METHODS

Colloid, macromolecule, and surface preparation

Glass microscope slides (Gold Seal, Corning, NY) were soaked in piranha

solution (3:1 H2SO4:H2O2) for 1 h followed by rinsing with deionized water.

Slide surfaces were modified with octadecyltrichlorosilane (OTS) and

3-aminopropyltriethoxysilane (APS) using standard protocols (35). Au films

were prepared by evaporating 5 nm of chromium and 5 nm of Au onto slides

at 0.1 nm/s using a metal evaporator chamber (Auto 306, BOC Edwards,

Wilmington, MA). 2.2 mm silica colloids (r ¼ 1.96 g/ml) were purchased

from Bangs Laboratories (Fishers, IN) and washed with deionized water.

Silica colloids were modified with 1-octadecanoic acid (ODA) using a lit-

erature method (36) and with APS by adding a 50 mM APS toluene solution

to an equal volume of silica colloids suspended in toluene by periodic son-

ication. Modified silica colloids were transferred to aqueous media by re-

peated centrifugation and resuspension in deionized water.

Three polyethyleneoxide-polypropyleneoxide-polyethyleneoxide copol-

ymers (Pluronic, BASF, Wyandotte, MI) were used with similar block ratios

but different nominal molecular weights (F68-3400/1700/3400, F127-4400/

3800/4400, F108-5400/3300/5400). To develop compact and meaningful

notation for each copolymer, abbreviations are PEO3k (F68), PEO4k

(F127), and PEO5k (F108) based on PEO block molecular weights. BSA

was g-globulin-free (Sigma-Aldrich, St. Louis, MO). Aqueous phosphate

buffer (Fisher Scientific, Pittsburgh, PA) solutions of PEO-PPO-PEO copol-

ymers and BSA were prepared at 1 mg/ml. BSA and Pluronic were adsorbed

to silica colloids for 12 h on a shaker and were adsorbed to slide surfaces for

6 h in a flow cell using a syringe pump (New Era Pumps, Wantagh, NY).

Colloid tracking and scattering

Colloidal evanescent wave scattering was monitored with a 12-bit CCD

camera (ORCA-ER, Hamamatsu, Japan) on an optical microscope (Axioplan

2, Zeiss, Germany). The camera was operated in 8-binning mode in con-

junction with a 403 objective (Achroplan, numerical aperture 0.60) to yield

43 frames/s with a spatial resolution of 1683 128 pixels (1215 nm/pixel). A

15-mW, 632.8 nmHelium-Neon laser (Melles Griot, Carlsbad, CA)was used

to generate an evanescent wave decay length of b�1 ¼ 113 nm in a flow cell

optically coupled to a 68� dovetail prism (Reynard Corp., San Clemente, CA)

placed on a three-point leveling stage. Image analysis algorithms coded in

Fortranwere used to track and integrate evanescentwave scattering from each

colloid (26–28).

Colloid-surface potentials

As levitated colloids diffuse over a surface, their instantaneous heights,

h, can be directly measured from their scattering intensity, I(h), in an

evanescent wave using (37)

h� href ¼ b
�1
ln½IðhrefÞ=IðhÞ�; (1)

where I(href) is the scattering intensity at a reference height, and b�1 is

determined by the laser’s incident angle and the incident and transmitted

media refractive indices. A time averaged single-colloid or ensemble-average

height histogram, p(h) (26,28), can be generated from many height obser-

vations and related to the PEP, u(h), using Boltzmann’s equation as (26–28)

uðhÞ � uðhrefÞ ¼ kT ln½pðhrefÞ=pðhÞ�; (2)

where p(href) is a reference height probability determined by a reference

height potential, u(href).

Colloid surface diffusion and migration

The lateral, Dk(h), and normal, D?(h), diffusivities of single colloids near

planar surfaces with particle-surface separation, h, are given by (34)

DkðhÞ ¼ D0 fkðhÞ;D?ðhÞ ¼ D0 f?ðhÞ; (3)

where D0 is the bulk single colloid diffusivity, D0 ¼ (kT)/(6pma), m is

the medium viscosity, a is colloid radius, and exact solutions are given for

fk(h) (38) and f?(h) (39). Because colloids experience Brownian excursions

normal to the surface within potential energy wells, average diffusivities

(ÆDkæ, ÆD?æ) are given by (34)

ÆDæ ¼
Z

pðhÞDðhÞdh=
Z

pðhÞdh; (4)

where the desired expression from Eq. 3 is substituted for D(h), and p(h) is

obtained either from a measured height histogram or by inverting Eq. 2 us-

ing a known potential. Two-dimensional MSDs measured parallel to the

underlying surface can be used to evaluate the average lateral diffusivity as

Ær2æ ¼ 4ÆDkæt, where t is time. Lateral migration superimposed on diffusion

is well described in MSD data by a parabolic upturn (Vt)2 related to a lateral

force, F ¼ (V/ÆDkæ)(kT) (40). Partially confined MSD data are fit by an

equation of the form, L2(1� C1exp(�C2ÆDkæt/L2)), where L is a confinement

length, and C1 and C2 are constants that can be related to well shape (40).

FIGURE 1 (A) Total internal reflection and video microscopy of 2.2 mm

silica colloids levitated above a microscope slide with and without

transmitted light. (B) Schematic of total internal reflection, evanescent

wave, and colloid scattering. (C) Schematic of BSA (ellipsoids) and PEO

(brush layer) configurations on chemically modified surfaces.
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Colloid-surface association lifetimes

To a first approximation, the equilibrium CSA lifetime, ta, depends on

diffusion-limited motion of colloids near surfaces and the colloid-surface

interaction potential as (41,42)

ta � ðl2=ÆD?æÞexpðjuminj=kTÞ; (5)

which can be rearranged with ta ¼ taÆD?æ/l2 and related directly to the

potential well depth as

lnðtaÞ � juminj=kT; (6)

w(l2/ÆD?æ) (from Eqs. 3 and 4) is the characteristic timescale for colloid

diffusion normal to the surface within an energy well with a characteristic

length scale, l, and exp(juminj/kT) is the Boltzmann probability of a colloid

remaining in an attractive energy well. Single colloids are considered to be

associated with the surface in a given image if their height excursions in the

two preceding and following images (five total images) have a standard

deviation of sh , 1.5 nm, which is an empirical value obtained for

irreversibly deposited colloids on unmodified surfaces.

RESULTS AND DISCUSSION

Levitated colloidal probes

Fig. 1 A displays a typical optical microscopy image of 2.2-

mm silica colloids levitated above a glass microscope slide

against a gravitational potential by nonspecific interactions

of physisorbed BSA and copolymers with exposed PEO

moieties. 3D colloidal positions are monitored using VM

with half pixel resolution in the x and y directions parallel to
the surface (Fig. 1 A) and using TIRM with nanometer res-

olution in the z direction normal to the surface (Fig. 1 B) (26–
28). Nonspecific interactions probed in this work include

long-range colloid-surface van der Waals (vdW) attraction

(43,44) and macromolecular interactions due to interpene-

tration and compression (45,46) of adsorbed BSA and PEO

copolymer layers (Fig. 1 C). Electrostatic interactions are un-
important due to screening at distances .1 nm in 150 mM

physiological ionic strength media.

A limiting case of BSA and PEO mediated colloid-surface

interactions occurs when repulsive macromolecular interac-

tions dominate vdW attraction to produce robustly levitated

diffusing colloids. Fig. 2 shows results for BSA/APS coated

colloids levitated above a PEO5k/OTS coated glass slide.

Fig. 2 A shows 25 gray diffusing colloidal random walk

trajectories with colored pixels corresponding to the natural

logarithm of nondimensional CSA lifetimes, ln(ta) (see Eq.

6). The inset in Fig. 2 A shows a histogram of all ln(ta) values
with the same color scale as the main plot and frequency

normalized by the mode. Fig. 2 B shows ensemble average

(red) and single colloid (black) PEP, u(h), with and without

the confining gravitational potential. Fig. 2 C shows non-

dimensional lateral MSDs in the x and y directions versus the
nondimensional diffusive time, tD ¼ tDÆDkæ/a2 (see Eq. 4),

from an average over all colloids and multiple time origins.

The ensemble average and all single colloid PEP in Fig. 2 B
are identical within the limits of polydispersity (26,29,30),

indicating chemically and physically uniform surfaces and a

mean colloid radius of a ¼ 1.11 mm, in agreement with

independent measurements (28). The net PEP can be inter-

preted as a superposition of colloid-surface vdW attraction

and nonspecific BSA-PEO5k osmotic repulsion to produce a

0.7kT energy well. Using 20 nm for the PEO5k copolymer

brush thickness (46) and assuming prolate ellipsoid BSA

molecules are oriented along their 14 nm major axis (47,48),

the onset of BSA-PEO repulsion can be expected at 34 nm.

By fitting the measured vdWminimum using rigorous theory

(43,44), the onset of repulsion is estimated to occur at 40 nm.

The vdW attraction, however, is likely to be weakened by

surface roughness (44,49) such that occurrence of the 0.7 kT
minimum at smaller separations is consistent with a repulsive

BSA-PEO interaction at ;34 nm.

Lateral diffusion results in Fig. 2 C provide temporal and

spatial information consistent with the predominantly repul-

sive PEP in Fig. 2 B. As expected, the lateral diffusivity is

;(1/2)D0 due to hydrodynamic interactions between col-

loids and the underlying wall surface (34). Predicted lateral

diffusivities (Eqs. 3 and 4), based on colloid-surface hydro-

dynamic interactions with impermeable adsorbed layers (50),

are in excellent agreement with the short-time x and yMSDs.

The parabolic upturn from the initially linear MSD in the

FIGURE 2 (A) Trajectories of BSA/APS-coated colloids on PEO5k/OTS-

coated glass surface. Gray pixels indicate no CSA, and colored pixels

indicate CSA times (right-side scale). (B) Single (black) and ensemble (red)

colloid PEPs with and without gravitational potentials. (C) Ensemble

average lateral MSDs in x (s) and y (=) directions with curve fits (solid
line), predictions (dashed line), and isolated single colloid diffusion (dotted

line.).
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y direction is indicative of migration due to a lateral force ,
1 fN, consistent with a misleveling of , 1�.
In addition to PEP and diffusivity results in Fig. 2, B and

C, the colored pixels in Fig. 2 A indicate ln(ta) values

identified using the analysis described in Materials and

Methods. The most probable CSA lifetime is ta¼ 32 ms from

the histogram. This corresponds well to the 0.7 kT well in

Fig. 2 B with a diffusion-limited timescale of l2/ÆD?æ ¼ 16

ms based on the predicted value of ÆD?æ (Eq. 3) and a

characteristic diffusive length scale of ;14 nm within the

energy well (Eq. 6). The value of l is not obvious a priori due
to the continuous nature of the attractive interaction, but;14

nm is comparable to the well dimension and gives a rea-

sonable timescale for diffusion-limited motion of levitated

colloids in the absence of attraction. The minimal number

and duration of association events in Fig. 2 A is consistent

with the repulsive PEP in Fig. 2 B that is averaged over all

colloids, surface locations, and the total observation period.

A small number of CSA events are observed in Fig. 2 A,
but these most likely result from a somewhat conservative

criterion for identifying discrete CSA events from probabi-

listic colloid height excursions. These few CSA events do

not obviously correspond to chemical or physical surface

heterogeneity that might produce locally stronger attraction.

The predominantly gray pixels in Fig. 2 A also indicate tem-

porally and spatially uninterrupted lateral diffusion consis-

tent with the MSDs in Fig. 2 C, which would be significantly
retarded in the presence of either more or longer CSA events.

All results in Fig. 2 demonstrate characteristics of robust col-

loidal levitation via net potentials that are mainly repulsive

due to long-range, nonspecific interactions of adsorbed BSA

and PEO macromolecules.

Irreversibly deposited colloidal probes

At the other extreme of robust colloidal levitation observed

in Fig. 2 is the limiting case of irreversible colloidal depo-

sition due to strong colloid-surface attraction. Fig. 3 shows

results in this work that most closely approach irreversible

deposition for BSA adsorbed to unmodified silica colloids

and to 5 nm Au films on a microscope slide. Fig. 3 A shows

22 colloid trajectories in gray with colored pixels indicating

ln(ta) values and an inset histogram of ln(ta) values similar

to Fig. 2 A. Fig. 3 B shows the ensemble average (red) and 11
single colloid (black) PEP with exponential curve fits to both

sides of the ensemble average PEP having decay lengths of

k�1 ¼ 5 nm. Fig. 3 C shows lateral MSD with the same

format as in Fig. 2 C.
Results in Fig. 3 show characteristics of irreversibly de-

posited colloids resulting from colloid-surface vdW attrac-

tion dominating short range BSA-BSA repulsion. Adsorbed

BSA layers are still expected to have repulsive interactions in

Fig. 3, but the range of repulsion is diminished compared to

Fig. 2 due to the formation of much thinner, ;3 nm, layers

on unmodified colloid surfaces (47). Another factor favoring

deposition is an ;53 greater vdW silica-Au attraction in

Fig. 3 compared to silica-silica attraction in Fig. 2 (27). As

the result of thin adsorbed layers and strong vdW attraction,

the ensemble average PEP in Fig. 3 B primarily shows

colloids confined to the bottom of energy wells that are deep

compared to kT.
Curve fits to lateral MSDs in Fig. 3 C yield confinement

lengths of 78 and 127 nm in the x and y directions and short-
time ÆDkæ values remarkably similar to predictions (Eq. 4).

The latter correspondence is probably somewhat fortuitous

given the proximity of the associated length scales to the

subpixel limited resolution of our CCD camera. Results in

Fig. 3 C also show long-time ÆDkæ is suppressed (except for

several weakly associated colloids), which is not obvious a

priori because normal particle-surface attraction can still

allow lateral diffusion via rolling. Local deformation (51)

and interpenetration (52) of adsorbed BSA layers in contact

probably provide resistance to translation via rolling. The

normal and lateral confinement observed in Fig. 3 C is a

general feature of irreversibly deposited colloids, at least in

the absence of lateral potential fields.

CSA events reported in Fig. 3 A are a more sensitive

measure of colloid deposition than the MSDs in Fig. 3 C due

to the significantly better spatial resolution of TIRM com-

pared to VM (;1 nm vs. ;600 nm). Some explanation is

required for the finite colloid-surface dissociation observed

FIGURE 3 (A) Trajectories of BSA-coated colloids on BSA/Au-coated

glass surface with same format as Fig. 2. (B) Single (black) and ensemble

(red) deposited colloid PEPs with exponential curve fits. (C) Ensemble

average lateral MSDs with same format as Fig. 2.
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in Fig. 3 A, as truly irreversible deposition should produce

the trivial result of all colloids being immobilized for the

duration of the ;40-min experiment to produce all blue

pixels (ln(2.3 3 105 ms/16 ms) � 12 based on Eq. 6 and the

diffusion-limited timescale identified in Fig. 2 A). The

different colored isolated pixels in Fig. 3 A result from both

apparent height excursions due to signal noise and actual low

probability excursions of colloids out of ;12 kT wells. For

example, any deposited colloid displaying either real or ap-

parent height excursions during the measurement period will

overwrite blue pixels (large ta) with red-shifted pixels (small

ta). Overwriting occurs due to lateral confinement, which

suggests isolated red-shifted pixels still correspond to nearly

irreversibly deposited particles.

Although noise can produce apparent dissociation events,

five colloids in Fig. 3 A clearly display significant lateral

diffusion and short-lived CSA events. Such behavior could

arise from locally diminished colloid-surface attraction due

to surface nonuniformities (44), smaller colloids within the

sample polydispersity (28), and variations in the local BSA

layer architecture that generate short range repulsion thereby

weakening attraction at contact. In any case, the small per-

centage of colloid-surface dissociation events and the occur-

rence of finite lateral diffusivities in Fig. 3 suggest ;12 kT
deep attractive wells due to residual repulsion between thin

BSA layers that, although insufficient for robust stabiliza-

tion, still significantly weaken vdW attraction compared to

bare surfaces in contact. The results in Fig. 3 also suggest

attraction can be altered on the kT scale in the presence of

surface heterogeneity to influence local CSA events.

Associated colloidal probes and
surface heterogeneity

Intermediate to the limiting cases of robust levitation and

irreversible deposition is the case of intermittent CSA. As

captured by Eq. 6, ta values are exponentially sensitive to the
attractive well depth, umin, and become diffusion limited

as umin / 0 and infinitely long as umin / �N. The non-

dimensional quantity, umin/kT, indicates the relative magni-

tudes of attraction favoring CSA and thermal Brownian

motion favoring colloid-surface dissociation. As a result,

small changes in umin relative to kT produce exponentially

large changes in ta, which is important for understanding

intermittent CSA as mediated by adsorbed BSA and PEO

layers.

Fig. 4 shows representative results for intermittent CSA

with BSA adsorbed to 1-octadecanoic acid ODA-coated

silica colloids and PEO3k adsorbed to an OTS-coated glass

slide. Each plot in Fig. 4 displays information similar to

corresponding plots in Figs. 2 and 3. Fig. 4 A shows un-

interrupted lateral colloid random walks in some regions and

other regions displaying a spectrum of colored pixels indic-

ative of broadly varying ta. Fig. 4 B shows four single

colloid PEPs with solid red lines showing exponential fits

(12–15 nm decay lengths) to each attractive potential with

minima of �1.6, �2.3, �2.7, �3.8 kT indicated by dashed

red lines.

Results in Fig. 4 B indicate varying levels of attraction

between BSA-coated colloids and a PEO3k-coated wall that

could be misinterpreted without additional information as a

novel BSA-PEO attraction. Nevertheless, results in Fig. 4 A
indicate numerous spatially and temporally distributed CSA

events consistent with local attraction on a heterogeneous sur-

face. Because single colloid PEPs in Fig. 4 B are constructed

by averaging all heights over each colloid’s random walk

without distinction for its local interaction, the resulting net

colloid-surface potentials include both levitated (gray pixels)
and associated (colored pixels) height excursions. As a

result, deeper wells are observed in Fig. 4 B when a greater

proportion of height excursions are measured during asso-

ciated rather than levitated states. By identifying and dis-

carding the ‘‘heterogeneous portion’’ of each average PEP in

Fig. 4 B, all single colloid PEPs can be ‘‘corrected’’ to

collapse onto a single curve remarkably similar to the PEP in

Fig. 2 B. This result indicates the BSA-PEO5k and BSA-

PEO3k repulsion in Figs. 2 B and 4 B are similar once effects

of surface heterogeneity (that are not concealed by the thin-

ner PEO3k layer) are considered.

The surface heterogeneity implicated in Fig. 4, A and B is

also consistent with the retarded lateral diffusion in Fig. 4 C,

FIGURE 4 (A) Trajectories of BSA/ODA-coated colloids on a PEO3k/

OTS-coated glass surface with same format as Fig. 2. (B) Single colloid

PEPs (black) without gravitational potentials and exponential curve fits (red)

to vdW attraction. (C) Ensemble average lateral MSDs with same format as

Fig. 2.
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which is apparent from the measured diffusivity, ÆDkæ/D0 ¼
0.2, being less than the predicted diffusivity, ÆDkæ/D0 ¼ 0.3,

from Eqs. 3 and 4. Because colloids are already held near the

surface in attractive wells, the diminished diffusion cannot

be explained by increased hydrodynamic hindrance but is

consistent with intermittent CSA events hindering the lateral

diffusion process (34). Nearly linear MSD curves in Fig. 4 C
also suggest CSA events are spatially random, as anything

else would produce characteristic features indicative of dif-

fusion over a periodic landscape (27). The net interpretation

of the results in Fig. 4 is that the suspect surface heteroge-

neity is randomly distributed such that locally varying at-

traction on the 1 to 10-kT scale produces intermittent CSA

events among other regions without any CSA.

The algorithm for identifying discrete association events

produces consistent results for experiments in Figs. 2–4

involving levitation, association, and deposition of BSA- and

PEO-coated colloids on similarly coated surfaces. Because

the statistical nature of CSA events does not allow an a priori

method for identifying discrete CSA events, a certain frac-

tion of measurements are designated in error as either

levitated or associated in all cases. Yet, the validity of the

algorithm is justified a posteriori because using more or less

conservative constraints begin to distort PEPs from agree-

ment with independent measures (e.g., colloid radius via the

gravitational potential, colloid diffusivity via Eq. 4). By nei-

ther removing too many points corresponding to homoge-

neous vdW interactions (to underestimate the attractive well)

nor leaving too many points corresponding to heterogeneous

association events (to overestimate the attractive well) the

algorithm for identifying CSA events produces self-consis-

tent, energetic, spatial, statistical, and temporal results in

Figs. 2–4.

Colloidal probe nonuniformity and migration

Although wall surface heterogeneity appears to be impli-

cated in the intermittent CSA results in Figs. 3 and 4, there is

no obvious indication of colloid nonuniformity. Colloids likely

have molecular-scale heterogeneity (53) but also appear to be

sufficiently uniform that they can be analyzed as ensembles

(26), which was an unstated assumption up to this point. For

comparison, Fig. 5 reports a unique experiment involving a

single outlier colloid with similar plots to Figs. 2–4. Results

are shown for BSA/APS-coated colloids levitated above a

BSA/APS-coated glass slide. The flow cell was intentionally

misleveled in Fig. 5 upon observation of the outlier colloid

to observe surface association in the presence of lateral

migration.

The obvious departure of the single predominantly

orange-yellow-green trajectory in Fig. 5 A from all other

gray trajectories allows for its straightforward identification

and its separate analysis from the otherwise robustly lev-

itated colloids. Because the trajectory of the outlier colloid

coincides with the same surface locations as a preceding

colloid’s trajectory, the frequent intermittent association of

the outlier colloid with the surface can be attributed to

defects on the colloid rather than the wall. The red PEP in

Fig. 5 B is the ensemble average profile of 13 colloids

excluding the outlier colloid and is typical for robustly

levitated colloids (see Fig. 2 B). The black PEP in Fig. 5 B
corresponds to the single outlier colloid and displays the

parabolic shape characteristic of deposited colloids (Fig. 3)

except for its greater width due to larger height excursions.

Results in Fig. 5 B demonstrate BSA-BSA mediated colloid-

surface interaction can be quantified in the presence of mi-

gration and an easily identifiable deviant colloid to produce

;0.7 kT attractive vdW well similar to the BSA-PEO5k PEP

in Fig. 2 B.
Fig. 5 C shows a parabolic upturn in the MSD in the y

direction consistent with the obvious migration in Fig. 5 A,
whereas the MSD in the x direction shows a turnover ap-

proaching a constant MSD that is indicative of confinement.

Because the colloids should not be confined for any obvious

reasons, the turnover in the x MSD is attributed to migration

into or out of the window in the y direction leaving suitably

sampled short-time trajectory data but statistically deficient

long-time data. Analysis of the migration in Fig. 5 C in-

dicates an ;5� tilt in the flow cell based on a component of

gravity acting parallel to the surface. The lateral migration of

the associating outlier colloid in Fig. 5 does not appear to be

hindered by any tangential interaction in contrast to the

FIGURE 5 (A) Trajectories of BSA/APScoated colloids on a BSA/APS-

coated glass surface with same format as Fig. 2. (B) Single associating

colloid (black) and ensemble (red) colloid PEPs without gravitational

potentials. (C) Ensemble average lateral MSDs with same format as Fig. 2.
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diffusive behavior in Fig. 3, which might result from the

lateral force exceeding a sort of tangential yield stress. As a

side note, the colloid migration in Fig. 5 is reminiscent of

ligand coated colloids and leukocytes on surfaces (54),

which suggests another potentially interesting application for

investigation with the new methods reported here.

The outlier colloid’s greater association with the surface

could result from defects due to the APS silanization pro-

cedure, which is performed under metastable conditions such

that periodic aggregate formation could produce surface

patches altering the local interaction. Observation of non-

uniform colloids was also extremely rare; for ;20 colloids

interrogated in nearly 100 ensemble experiments similar to

Figs. 2–5, only the single outlier colloid in Fig. 5 was ob-

served, suggesting an occurrence of ,;1/2000. Based on

the results in this work, nonuniform colloids are rarely ob-

served in comparison to wall surface heterogeneity.

BSA-PEO interactions and surface heterogeneity

The results in Figs. 2–5 demonstrate the ability to simulta-

neously observe many single colloids interacting with dif-

ferent surface regions. By averaging over many colloids and

surface positions, statistically significant results are obtained

but not at the expense of losing discrete information about

single colloids and local surface properties. Table 1 summa-

rizes several trends that emerge from numerous systematic

measurements of BSA- and PEO-coated colloids and sur-

faces and reports average ln(ta) values for 25 experiments

performed in triplicate including: 1), BSA adsorbed to APS

modified colloids and surfaces, 2), BSA, PEO5k, PEO4k,

and PEO3k adsorbed to ODA modified silica colloids and

OTS modified microscope slides. The ln(ta) values in Table

1 are averaged over all colloids, surface locations, and ob-

servation time (i.e., average over all gray and colored pixels

in Figs. 2–5).

Effects of adsorbed macromolecule molecular weight on

ln(ta) values are apparent from the PEO-PEO layer interac-

tions in Table 1. For example, the highest molecular weight

PEO5k copolymer absorbed to OTS- and ODA-modified

surfaces yield ;20-nm thick layers (46) that are expected to

produce the observed robust levitation (ln(ta)¼ 0.8). In con-

trast, adsorption of ;10 nm PEO3k layers (55) to similarly

modified surfaces allows significantly more and longer lived

CSA events (ln(ta) ¼ 3.5). The general trend that emerges in

Table 1 is that thicker layers due to higher PEO molecular

weights produce smaller ln(ta) values. Because all PEO co-

polymers have similar triblock ratios, their adsorbed layers

are expected to have brush architectures with thicknesses de-

termined primarily by molecular weight (52). PEO interac-

tions are also expected to be purely repulsive for the favorable

solvent conditions explored in this work (46). A likely

mechanism leading to decreasing ln(ta) with increasing PEO
molecular weight is that thicker layers are more likely to

conceal chemical and physical surface heterogeneities that

allow for increased local attraction and CSA.

Effects of adsorbed layer architecture in Table 1 can be

deduced from the BSA-BSA data, which consist of mono-

disperse macromolecules adsorbed with different orienta-

tions on different chemically modified surfaces. For example,

adsorption of BSA to APS modified silica can produce ;14

nm thick layers via a preferred orientation of BSA parallel to

its major axis (48) to produce robust levitation (ln(ta)¼ 0.6).

In contrast, adsorption of BSA to OTS-modified silica sur-

faces can produce thin ;3 nm layers via a flatter BSA ori-

entation (14) to yield significantly more and longer lived

CSA events (ln(ta) ¼ 6.8). BSA conformation may also be

perturbed on different chemically modified surfaces to in-

fluence adsorbed layer thicknesses. The BSA-BSA data in

Table 1 suggest that thicker layers via architectural effects

can also better conceal surface heterogeneities similar to

PEO molecular weight effects.

Finally, for the asymmetric BSA-PEO interactions in

Table 1, the ln(ta) data can be explained based on the

concealment of surface heterogeneity due to a combination

of PEO molecular weight and BSA orientation. For example,

BSA/APS-modified surfaces interacting with PEO5k/OTS-

ODA surfaces produce robust levitation (ln(ta) ¼ 3.2, 2.4)

whereas BSA and PEO3k adsorbed to alkyl-modified sur-

faces produce comparatively more and longer CSA events

(ln(ta) ¼ 9.3, 5.3). In all cases, BSA-PEO interactions are

completely repulsive, consistent with standard theories for

macromolecular interactions in good solvent conditions. As

a result, adsorbed BSA and PEO layers can robustly levitate

colloids above surfaces provided layers are thick enough to

overcome colloid-surface attraction, particularly in the pres-

ence of surface heterogeneity.

A final note about the data in Table 1 is that they are not

symmetric about the diagonal; there is a bias toward greater

ln(ta) for thin adsorbed layers on the colloid instead of the

wall. For example, PEO3k adsorbed to colloids interacting

with BSA/APS-coated walls experience longer CSA life-

times with ln(ta) ¼ 9.3 than the reverse case with ln(ta) ¼
5.3. The simplest explanation for this bias is differences in

the colloid and wall surface modifications. Because stable

silica colloids are modified with ODA using a well-estab-

lished method (36), the problem is expected to lie with OTS

modification of the glass slide surface, which is known to pro-

duce OTS aggregates (35) (surface roughness under , 5 nm

TABLE 1 Summary of ln(ta) values for combinations of

colloids and surfaces with adsorbed BSA and PEO copolymers

Wall

BSA/APS PEO5k PEO4k PEO3k BSA/OTSColloid

BSA/APS 0.6 2.4 4.4 5.3 5.1

PEO5k 3.2 0.8 2.3 1.4 2.6

PEO4k 5.4 1.3 2.0 4.2 2.5

PEO3k 9.3 2.6 2.5 3.5 3.2

BSA/OTA 10.2 4.4 5.0 5.4 6.8
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does not significantly scatter the evanescent wave) (44). The

dielectric properties of aggregated alkane structures on the

wall could reduce vdW attraction compared to alkane layers

on colloids (43), which would produce the observed bias

toward greater ln(ta) for thin adsorbed layers on the colloid

compared to the wall.

SUMMARY AND CONCLUSIONS

This article describes a distinctly new approach for quanti-

tatively measuring interactions of proteins and synthetic mac-

romolecules adsorbed to colloids and wall surfaces. Using an

integrated TIRM and VM colloid tracking technique, equi-

librium and dynamic analyses of the 3D trajectories of many

freely diffusing colloids provide simultaneous energetic, spa-

tial, statistical, and temporal information about adsorbed BSA

and PEO copolymer interactions. Information from such mea-

surements includes single colloid and ensemble average PEP,

lateral diffusivities, and CSA lifetimes. A consistent analysis

of such information in several demonstrative measurements

is used to distinguish different colloid-surface interaction

regimes as belonging to levitation, association, or deposition.

This newly developed method and associated analyses

were then employed in a systematic series of experiments to

capture how average colloid-surface interactions are medi-

ated by combinations of chemical surface modifications, ad-

sorbed BSA and PEO layers, and surface heterogeneity.

These results reveal how BSA layer architecture on different

chemically modified substrates and PEO copolymer molec-

ular weight together either conceal or expose underlying sub-

strate heterogeneities to influence colloid-surface attraction

and association lifetimes. In all cases, BSA-BSA, BSA-PEO,

and PEO-PEO interactions appear to be completely repulsive

such that CSA only occurs due to nonspecific colloid-surface

attraction, particularly in the presence of surface heteroge-

neity. The results in this work demonstrate nonspecific re-

pulsion of proteins and synthetic macromolecules as a basis

for creating integrated biomolecular-synthetic devices and as

a baseline to differentiate specific and nonspecific interactions

between protein binding partners on colloids and surfaces.
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