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represents the detection limit of many established
protein density characterization techniques such as
Ellipsometry,14 and Quartz Crystal Microbalance
measurements.27 The most sensitive commercially
available biosensors are based on the Surface Plasmon
Resonance technology and specialized systems achieve
a detection limit of 0.1 ng cm2.15 Since blood protein
coverages of ~2 ng cm2 are sufﬁcient to mediate
platelet adhesion and subsequent clotting events,23 it is
critical to accurately measure protein density at these
and lower levels to effectively differentiate between the
performance of novel coating designs. In addition to
the qualiﬁcation of coatings for speciﬁc applications
such as antibody arrays, or the design of anti-thrombogenic surfaces, accurate measurements of residual
protein adsorption can also provide mechanistic insights into protein adsorption by providing dosagedensity data over a wide range of protein dosages.
Landing rate measurements of ﬂuorescent microtubule ﬁlament markers enable the determination of
absolute coverages of adsorbed kinesin proteins in the
range of 0.004–1 ng cm2.16,22 While this technique
demonstrated outstanding sensitivity, it would be
desirable to directly quantify the residual adsorption of
the proteins of interest, such as blood proteins, rather
than to rely on kinesin as a model indicator for general
coating performance. The challenge is therefore to
translate the landing rate methodology which affords
single molecule sensitivity to a generic protein/marker
combination.
Here, we demonstrate that measuring the landing
rates of biotinylated ﬂuorescent polystyrene nanospheres (40 nm diameter) can determine residual protein densities for both kinesin and ﬁbrinogen. The
biotinylated polystyrene nanospheres used in this study
are chosen after screening biotinylated, carboxylated,
sulfate-coated and amine coated nanospheres of

Abstract—Rapid advances in non-fouling surface technology
have pushed the performance of novel coatings toward the
detection limit of established protein density quantiﬁcation
techniques. Hence, there is an urgent need for more sensitive
detection strategies. Previously we demonstrated that landing
rate measurements of microtubules can reveal kinesin surface
coverages between 0.1 and 10 lm2. In this report, we
quantify the binding kinetics of highly ﬂuorescent markers to
surface-adhered proteins and demonstrate the of protein
surface densities in the range of 0.1–1000 lm2. We utilize
this technique to measure kinesin densities on casein-coated
glass surfaces and ﬁbrinogen densities on non-fouling polyethylene glycol methacrylate (PEGMA) surfaces. The use of
nanospheres (i) potentially permits the detection of a variety
of adsorbed proteins, (ii) facilitates the determination of the
landing rate due to their uniformity, and (iii) extends the
dynamic range of the method due to their small size.
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INTRODUCTION
The importance of protein resistant or ‘non-fouling’
coatings has been widely recognized,18 and has led to
rapid advances in non-fouling surface coating technology.10,13,19,21,31 As a result of improved performance, quantitative evaluation of novel coatings is
becoming increasingly challenging. While uncoated
surfaces typically adsorb a monolayer of proteins (e.g.,
350 ng cm2 albumin and 600 ng cm2 ﬁbrinogen on a
silicon surface),30 non-fouling coatings can reduce
adsorption to below 10 ng cm2 6,22,24 which already
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various sizes (40 nm, 200 nm and 1 lm) as well as
ﬂuorescent silica nanoparticles of various sizes. These
nanospheres were selected because of their low rates of
binding to surfaces without proteins and good binding
rates to protein coated surfaces. We apply this technique ﬁrst by measuring well-known kinesin densities
on casein coated glass surfaces, and second by detecting ﬁbrinogen densities on non-fouling polyethylene
glycol methacrylate (PEGMA) coated surfaces.8

MATERIALS AND METHODS
Kinesin Adsorption to Casein Coated Glass
A kinesin construct consisting of the wild-type, fulllength Drosophila melanogaster kinesin heavy chain
and a C-terminal His-tag was expressed in Escherichia
coli and puriﬁed using a Ni–NTA column.9 The assays
were performed in 75 lm high and 1 cm wide ﬂow cells
assembled from two coverslips (Fisherﬁnest, Premium
Cover Glass, #1, Fisher Scientiﬁc, Pittsburg, PA) and
double-stick tape. The ﬂow cell height was measured
with a Dektak 6 M stylus proﬁlometer (Veeco Instruments Inc.). Solutions were exchanged within a few
seconds by pipetting the new solution to one side of the
cell and removing the old solution using ﬁlter paper
from the other side. First, a solution of casein
(0.5 mg mL1, Sigma) dissolved in BRB80 (80 mM
PIPES, 1 mM MgCl2, 1 mM EGTA, pH 6.9) was injected into the ﬂow cell. After 5 min, it was exchanged
with a kinesin solution (varying dilutions from a stock
concentration of ~14 lM in BRB80 with 0.5 mg mL1
casein and 1 mM AMPPNP from Sigma). After 5 min,
kinesin solution was washed out and biotin labeled
polystyrene nanospheres loaded with ﬂuorescein dye
(40 nm FluoSpheres F8766, Invitrogen) at 100 pM
concentration (diluted 5000 times in BRB80) were
introduced into the ﬂow cell and the time was
recorded. Kinesin solution concentrations are measured by microtubule landing rate experiments and the
known dilution factor (details in supporting information). It has been experimentally validated16 that for
the herein studied range of kinesin concentrations, all
kinesin in the solution adsorbs to the casein-coated
glass surface resulting in total solution depletion. As a
result, the kinesin surface density q can be determined
from the initial kinesin concentration in solution c
using q = ch/2 where h is the height of the ﬂow cell.
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co-(pxylylene)] via CVD polymerization. 80 mg
[2.2]paracyclophane-4-methyl 2-bromoisobutyrate was
sublimated at 90-100 C and 0.3 mbar, went through
thermal pyrolysis at 550 C and then deposited at
15 C on the substrate as a thin polymer ﬁlm. Subsequently, PEGMA polymer brushes were coated via
ATRP process onto the substrates as previously
reported.22 The ATRP process was carried out overnight at room temperature. The coating thickness was
around 200 nm as determined by ellipsometry (BASE160 spectroscopic ellipsometer, J. A. Woollam, Inc.).
Ellipsometric parameters were ﬁtted using a Cauchy
model.
Fibrinogen Adsorption to PEGMA Coated Glass
Fibrinogen (Human Fibrinogen Plasminogen, von
Willebrand Factor and Fibronectin depleted, Enzyme
Research Laboratories, South Bend, IN) was reconstituted in BRB80 buﬀer to obtain a stock concentration of 75 lM. The stock concentration was measured
with UV spectrophotometry (NanoDrop 2000, Thermo Scientiﬁc). In all ﬂow cells, the bottom surface and
top cover surface had identical surface chemistry.
First, BRB80 was ﬂowed in and allowed to stand for
20 min. It was exchanged with varying ﬁbrinogen
dilutions in BRB80. After allowing 20 min for protein
adsorption, the ﬁbrinogen solution was washed out
and nanospheres at 500 pM concentration (stock diluted 1000 times in BRB80) were introduced into the
ﬂow cell and the time was recorded.
Microscopy
Upon nanosphere injection, ﬂow cells were mounted
on the microscope stage and the time elapsed since
nanosphere introduction was recorded using a digital
stopwatch with one second accuracy. An 80 lm 9
80 lm area on the bottom surface of ﬂow cells was
imaged by epi-ﬂuorescence microscopy using an
Eclipse TE2000-U ﬂuorescence microscope (Nikon,
Melville, NY) with a 1009 oil objective (N.A. 1.45), an
X-cite 120 lamp (EXFO, Ontario, Canada), a FITC
ﬁlter cube (#48001, Chroma Technologies, Rockingham, VT) and an iXon EMCCD camera (ANDOR,
South Windsor, CT). Images were collected every 20 s
with an exposure time of 0.2 s.
Determination of Attachment Rates and Surface
Density

PEGMA Coatings
Silicon (SVM Inc.) and glass coverslips (Thomas
Scientiﬁc) were initially coated with approximately
50 nm poly[(p-xylylene-4-methyl-2-bromoisobutyrate)-

Nanosphere landing events were manually counted
within a ﬁeld-of-view using UTHSCSA ImageTool
version 3.0 and plotted against time elapsed since
nanosphere solution injection for each protein

322

AGARWAL et al.

FIGURE 1. Sketch of principle. (1) The non-fouling coating is exposed to a protein solution. (2) After washing, a few proteins
remain absorbed. (3) A nanosphere solution is introduced. Most nanospheres do not encounter a protein when colliding with the
surface. Some nanospheres encounter a protein and bind to it with a certain probability. Bound nanospheres are detected by
fluorescence microscopy before they unbind again within minutes. (4) A protein-covered surface without a non-fouling coating is
used to determine the maximal attachment rate.

dilution. Events are counted from the same ﬁeld-ofview on a singular test surface for each protein dosage,
and since the ﬁeld-of-view is sampled at random and
represents a small fraction of the test surface area, it is
assumed that the counts follow a Poisson distribution.
The number of counted events is an estimate of the
mean of the distribution and also of its variance. The
corresponding standard deviation is chosen as an
estimate of the measurement error. The N(t) plots were
ﬁtted (error weighted least squares) with Eq. (1) where
N is the number of landed nanospheres (in a ﬁeld-ofview of 0.0064 mm2), t is the elapsed time, kon is the
attachment rate constant speciﬁc to that protein density and koff is the detachment rate constant speciﬁc to
that protein–nanosphere combination. The errors in
the attachment and detachment rate constants represent the standard error in the ﬁt parameters as determined by the ﬁtting software (Origin, OriginLab
Corp.) from the covariance matrix. Additionally, for
PEGMA surfaces non-speciﬁc adsorption of nanospheres to bare PEGMA surfaces was observed.
Hence, nanosphere landing events were recorded on
bare PEGMA surfaces and the nanosphere landing
events on PEGMA test surfaces were ﬁtted by Eq. (1)
after subtracting from each N(t) value the corresponding number of nanospheres landed at the same
time point on bare PEGMA surface (details in supporting information). The diffusion limited maximal
landing rate, Z was assumed to be equal to the
attachment rate observed on a bare glass surface for
determining kinesin densities on casein-coated glass
surface and equal to the attachment rate observed on
ﬁbrinogen monolayer for determining ﬁbrinogen densities on PEGMA surface. Z was measured using the

same batch of diluted nanospheres to eliminate pipetting errors. A measurement of a ﬁnite kon/Z (signiﬁcantly different from zero) is the basis for the detection
of surface adsorbed proteins at that protein concentration.

RESULTS AND DISCUSSION
Nanosphere Landing Rate Model for Protein Detection
The experimental procedure for nanosphere landing
assays was similar to the methodology adopted for
measuring microtubule landing rates22 and is illustrated in Fig. 1. After exposing test surfaces to protein
solutions of known concentration, nanosphere solution was ﬂowed in and time elapsed was recorded. The
number of observed nanospheres, N, was manually
counted and plotted against time elapsed since nanosphere injection, t, for each protein concentration.
These data were ﬁtted with a model which assumes
that nanosphere landing events are reversible, that
attachment is a zero order reaction (because of the
large excess of protein binding sites on the surface and
the negligible decline in solution concentration of
nanospheres), and that detachment is a ﬁrst order
reaction (rate proportional to nanospheres landed on
the surface). The data set for each experiment was
ﬁtted by the equation
NðtÞ ¼

kon
½1  expðkoff tÞ
koff

ð1Þ

where kon and koff are the attachment and detachment
rate constants, respectively. Since the detachment of a
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FIGURE 2. Measurement of kinesin surface densities on casein-coated glass from landing rates of nanospheres. (a) Number of
nanospheres attached to the surface as a function of time for the casein-coated glass exposed to a series of kinesin dilutions from
the stock solution within a field-of-view of 80 lm 3 80 lm. The kinesin stock concentration was 1.4 lM and surfaces were exposed
to kinesin for 5 min. Error bars represent standard deviation. (b) Relative attachment rate constants computed by dividing
attachment rate constants with the diffusion limited maximal landing rate determined on a bare glass surface. The error bars are
roughly the size of the data points and represent the standard error.

bound nanosphere occurs from a protein site, an
identical detachment rate constant koff was used in the
ﬁts for all protein concentrations. Since attachment
occurs via collisions between solution suspended nanospheres and protein sites, kon can be expressed as a
product of the maximal, diffusion-limited attachment
rate Z and the sticking probability of each collision.
The maximal attachment rate constant Z can be
experimentally determined by ﬁtting Eq. (1) to landing
events measured on a highly adsorbing surface using
the same dilution of nanosphere solution. Furthermore, if we assume the relative attachment rate constant (kon/Z) to be equal to the probability of a
colliding nanosphere to ﬁnd at least one of the randomly distributed protein molecules on the surface,
it can be related to the protein surface density, q
according to
kon =Z ¼ ½1  expðqAÞ

ð2Þ

where A is the surface area within which an incoming
nanosphere and the surface bound protein interact.
This area of interaction can be determined by measuring the relative attachment rate constant (kon/Z) for
known protein densities. Finally, unknown protein
surface densities can be quantiﬁed using A, Z and
the attachment rate constant kon, according to
q =  [ln(1  kon/Z)]/A.
Detection of Kinesin on Casein Coated Glass
Kinesin adsorption on casein-coated glass surfaces is well understood3,26 and quantiﬁed.22 The

replacement of the ﬂuorescent microtubule markers,
which have a broad size distribution,20 with commercially available biotinylated ﬂuorescent nanospheres of
uniform size (40 nm diameter) as markers was motivated by the observation that these nanospheres do not
attach to casein-coated glass unless kinesin is present
on the surface.4,11 Furthermore, nanosphere landing
events were quantiﬁed for each kinesin concentration
and are plotted in Fig. 2a. The data are ﬁt to Eq. (1) to
determine an attachment rate constant, kon for each
concentration. The detachment rate constant koff was
required to be the same for all concentrations, and the ﬁt
determined a value of 0.0036 ± 0.0003 s1 (Mean ±
SD, N = 5). The maximal attachment rate constant
Z was experimentally determined to be equal to
7210 ± 10 s1 mm2 by ﬁtting Eq. (1) to landing events
measured on a highly adsorbing bare glass surface using
the same nanosphere solution. Relative attachment rate
constants, (kon/Z), are shown in Fig. 2b.
Kinesin solution concentration and dosage dependent kinesin densities on casein-coated glass were
determined using microtubule landing rate experiments
(details in supporting information). Densities were
determined in the range of 10 lm2 to 4200 lm2 and,
by ﬁtting the ﬁrst four datapoints in Fig. 2b to Eq. (2),
the nanosphere-kinesin area of interaction, A was
estimated as 180 ± 20 nm2. The last datapoint deviates
from the expected proportionality of the landing rate
to the solution concentration due to crowding of
kinesin (kinesin motor domains tethered by a 50 nm
long ﬂexible tail with a radius of gyration of 10 nm) on
the surface at densities exceeding 1500 lm2.
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FIGURE 3. Measurement of fibrinogen surface densities on PEGMA from landing rates of nanospheres. (a) Number of nanospheres attached to the surface as a function of time for the PEGMA surfaces exposed to a series of fibrinogen dilutions from the
stock solution in a field-of-view of 80 lm 3 80 lm. Fibrinogen stock concentration was 75 lM and surfaces were exposed to
fibrinogen for 20 min. Error bars represent the standard deviation. (b) The relative attachment rate constants are computed by
dividing attachment rate constants with the diffusion limited maximal landing rate determined on a fibrinogen monolayer and are
approximately equal to the product of fibrinogen surface density and the fibrinogen–nanosphere interaction area. Error bars
represent the standard error and * indicates statistical difference from zero (p < 0.05).

The use of nanospheres instead of microtubules shifts
the dynamic range of the detection technique due to the
changing interaction area. Microtubules with an average length of 4 lm have a typical interaction area of
100,000 nm2 while the nanosphere-protein area was
determined to be less than 1000 nm2. The measurements
are sensitive while (kon/Z) is still in the ‘linear regime’
and that occurs when (qA) is less than unity. Therefore
the upper detection limit increases to 1000 lm2. The
lower detection limit is given by the need to observe a
few bound nanospheres in a ﬁeld of view, which in our
conditions translates into 10 lm2. However, the sensitivity can be readily increased by increasing the concentration of nanospheres in the solution.
Detection of Fibrinogen on PEGMA Coated Glass
After establishing the feasibility of using nanospheres rather than microtubules as markers of protein
adsorption, we aimed to quantify the adsorption of
blood proteins, speciﬁcally ﬁbrinogen, instead of
kinesin onto non-fouling surfaces, speciﬁcally PEGMA-coated surfaces. Fibrinogen is an important blood
protein in biomaterial surface design studies because of
its critical role in hemostasis and thrombosis.12,25 Past
evaluation of PEGMA surfaces has established that
their non-fouling performance is exceptionally high.22
Flow cells were ﬁrst assembled from PEGMA coated
glass surfaces and exposed to ﬁbrinogen dilutions of
7.5 lM to 7.5 nM. A concentration of 7.5 lM roughly
represents the ﬁbrinogen levels in blood5 and a concentration of 0.75 lM is sufﬁcient to form a monolayer
on glass.1,7 Hence the range of ﬁbrinogen dosages

represented the concentration of ﬁbrinogen in blood to
the concentration required to attain 1% monolayer
coverage on a fouling surface.
The ﬁt of all datasets to Eq. (1) (Fig. 3a) revealed a
koff of 0.0061 ± 0.0009 s1 (Mean ± SD, N = 5). The
two detachment rate constants are signiﬁcantly different from each other (p = 0.03). The maximal landing
rate Z was determined by ﬁtting Eq. (1) to nanosphere
landing rates on a ﬁbrinogen monolayer created on a
glass surface by non-speciﬁc adsorption of ﬁbrinogen.
The corresponding relative attachment rate constants,
(kon/Z), for each dilution are plotted in Fig. 3b.
Figure 3b shows that if ﬁbrinogen is used as a probe
for a PEGMA surface, the relative attachment rate
constants do not increase linearly, but rather with the
third root of the ﬁbrinogen concentration in the solution. We believe that this slow increase in the attachment rate constant reﬂects a slow increase in the
ﬁbrinogen surface density, rather than negative cooperativity in the attachment of nanospheres to the
ﬁbrinogen for three reasons: (1) The nanospheres are
well separated and evenly distributed across the surface
while the low landing rate implies a low surface coverage of ﬁbrinogen, which makes it unlikely that
ﬁbrinogen absorbs in dense islands where each nanosphere bound by one ﬁbrinogen obscures additional
ﬁbrinogens. (2) Hucknall et al.17 observed similar
absorption kinetics of OPG and IL-6 antigens to
antibodies buried in poly(oligo(ethylene glycol) methacrylate) brush coatings (POEGMA coatings) of
100 nm thickness. This implies that the antigens
showed the same behavior in ﬁnding the immobilized
antibodies as the ﬁbrinogen molecules in ﬁnding open
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binding sites. (3) Since adsorption of proteins into
defect sites of a non-fouling coating is similar to
adsorption in porous media, a Freundlich isotherm
(h = KCb) could be expected to describe the adsorption process.28
Ellipsometry measurements of ﬁbrinogen adsorption
(7.5 lM for 20 min) to PEGMA-coated silicon surfaces
show that the ﬁbrinogen adsorption even at the highest
ﬁbrinogen concentration used in this study is below the
detection limit for ellipsometry. The average ﬁbrinogen
ﬁlm thickness in three independent measurements
was 0.12 nm with a standard deviation of 0.21 nm.
The ﬁbrinogen ﬁlm thickness on surfaces without
PEGMA coating (PPX-N surfaces, see methods) was
5.2 ± 0.25 nm which we assume corresponds to a
monolayer, and since a monolayer of ﬁbrinogen has a
coverage of 8400 molecules lm2 2 the implied ﬁbrinogen–nanosphere interaction area is 400 ± 700 nm2.
As a result of the large uncertainty in the ﬁbrinogen–nanosphere interaction area, an absolute calibration of the ﬁbrinogen surface density is not feasible
with the current data. While experiments on surfaces
which allow the simultaneous measurement of ﬁbrinogen surface density with the landing rate method and
a reference method are in principle possible, and would
provide an exact number for the ﬁbrinogen–nanosphere interaction area, knowledge of the absolute
protein surface density is often of secondary interest.
Instead, the focus is frequently on the relative performance of two coatings and is quantiﬁed by the
brightness stemming from the adsorption of ﬂuorescently labeled proteins29 or the resonance frequency
shift in a Surface Plasmon Resonance measurement.24
As has been previously shown for landing rate measurements with kinesin proteins as probes and microtubules as markers,22 landing rate measurements can
deliver this information, and now with an extended
dynamic range due to the smaller interaction area of
the nanosphere markers.
We recognize that a detailed understanding of the
origins of these desirable interactions is still missing
and the use of the same adsorption model for nanosphere binding to two diﬀerent proteins is an approximation. Some deviation of the data from our
Langmuir-type adsorption model can be seen in
Fig. 3a (and Fig. S1), and can be expected for nanosphere binding to proteins adsorbed with varying
accessibility in the 200 nm thick polymeric coatings.
The utilization of a more complex adsorption model is
left to future studies.
In conclusion, we have demonstrated that certain
ﬂuorescent nanospheres can be used in landing rate
measurements as non-speciﬁc markers for protein
adsorption to non-fouling surfaces. Their small size
relative to the previously used microtubule markers
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increases the dynamic range of the landing rate method
by two orders of magnitude while maintaining the
lower detection limit of only 0.1 protein molecules
lm2 (~0.005 ng cm2). The nonspeciﬁc nature of the
protein–nanosphere interaction enables the detection
not only of kinesin, but also of proteins with relevance
to coagulation and thrombosis, such as ﬁbrinogen.
ELECTRONIC SUPPLEMENTARY MATERIAL
The online version of this article (doi:
10.1007/s12195-012-0239-6) contains supplementary
material, which is available to authorized users.
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